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disks  from  each  subcontractor  were  sectioned  and  machined  into  test  specimens.  The  mechanical  property 
evaluation  consisted  of  tensile,  stress  rupture,  creep,  notched  tensile,  crack  propagation,  cyclic  rupture  (SPLCF) 
and  low-cycle  fatigue  testing  at  several  different  conditions.  All  properties  were  approximately  equivalent  to 
those  achieved  in  PM  HIP  + forged  17(X)  production  hardware  with  the  exception  of  tensile  strength. 

Spin  pit  burst  tests  were  also  conducted  on  two  turbine  disk  shapes  from  each  subcontractor.  The  disks  were 
machined  to  two  differe.u  T700  model  configurations  and  tested  to  destruction  at  room  temperature  in  an 
evacuated  chamber.  All  disks  faiicd  at  .speeds  predicted  by  a scinicmpiricai  formula  developed  at  General 
Electric,  although  one  disk  contained  a preexisting  flaw  that  reduced  its  burst  speed  significantly.  It  was 
concluded  that  the  burst  characteristics  of  As-HIP  Rene' 95  at  room  temperature  can  be  predicted  using  the 
General  Electric  sciniempirical  inethcd. 

During  Task  III, several  lots  of  turbine  disks  and  cooling  plates  were  fabricated  by  each  subcontractor  as  part 
of  a pilot-production  program.  Previously  established  processing  parameters  and  quality  procedures  were 
used.  Rigorous  nondestructive  testing  and  an  extensive  mechanical  property  evaluation  were  conducted. 

A set  of  two  turbine  disks  and  three  cooling  plates  was  machined  to  final  part  configuration.  The  finish 
machined  hardware  was  submitted  for  an  engine  test  in  Task  IV  using  an  engine  from  the  UTTAS  engine 
development  program  as  a vehicle.  The  parts  successfully  completed  150  endurance  hours  in  the  maturity 
hardware  assurance  test.  Following  the  disassembly,  these  were  nondcstructively  evaluated  and  found  to 
be  sound  and  identical  to  tlie  parts  with  similar  test  history. 
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Tliis  final  report  summarizes  the  work  done  under  the  U.S.  Army  Contract  DAAJ02-73-C-0106  during 
July  1973  and  August  1976. 

Dr.  P.S.  Mathur  was  the  Program  Manager  and  Principal  Investigator  of  this  project.  He  provided  the  over- 
all supervision  for  this  work.  Tire  responsible  enpneer,  Dr.  J.L.  Bartos,  contributed  to  the  testing  and  evalua- 
tion and  is  the  coauthor  of  this  report. 

Tlic  technical  direction  for  the  program  was  provided  by  Mr.  G.  Easterling  (in  the  first  half)  and  Mr.  J.  Lane 
(in  the  second  half)  of  the  U.S.  Army  Air  Mobility  Research  and  Development  Laboratory,  Eustis  Directorate. 
Dr.  R.L.  Dreshfield  of  NASA  Lewis  Research  Center  provided  helpful  and  timely  technical  assistance.  Their 
help  and  cooperation  is  greatly  appreciated. 

Tlie  guidance  and  encouragement  of  Mr.  J.I.  Hsia,  Manager  Technical  Resource  Operation,  is  gratefully 
acknowledged. 

Tile  diligent  work,  patience  and  enthusiasm  of  personnel  at  Crucible  Materials  Research  Centsr  and  Carpenter 
Technology  Corporation  Research  and  Development  Center  were  key  factors  in  the  success  of  this  program. 

Tliis  project  was  accomplished  as  part  of  the  U.S.  Army  Aviation  Systems  Command  Manufacturing  Technol- 
ogy program.  The  primary  objective  of  this  program  is  to  develop,  on  a timely  basis,  manufacturing  processes, 
techniques,  and  equipment  for  use  in  production  of  Army  material.  Comments  are  solicited  on  the  potential 
utilization  of  the  information  contained  herein  as  applied  to  present  and/or  future  production  programs. 

Such  comments  should  be  sent  to:  U.S.  Army  Aviation  Systems  Command,  Attn:  AMSAV-Ext,  P.O.  Box  209 
St.  Louis,  Missouri  63166. 
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INTRODUCTION 


Rene'  95  is  a highly  alloyed,  precipitation-strengthened.  Nickel-base  superalloy,  which  is  used  to  make  two 
turbine  disks  and  the  four  turbine  cooling  plates  of  the  T700  engine. 

The  current  method  of  manufacturing  Rene'  95  turbine  hardware  is  comprised  of  forgings  made  from  powder 
compacts  or  the  cast  ingot.  Because  of  high  alloy  content,  and  thus  the  strength,  Rene'  95  is  difficult  and 
expensive  to  produce  by  these  conventional  methods.  Tlie  largest  cost  element  is  the  forging  cycle  itself.  The 
development  of  a successful,  forgeless,  hot  isostatic  pressing  (HIP)  process  has  a significant  cost  savings 
potential  and  could  also  develop  properties  comparable  to  fpr^ng  with  more  homogeneity  and  reproducibility. 
This  work,  performed  under  U.S.  ^:my  Contract  DAAJ02-73-C-0106  (Phase  11),  was  directed 
toward  this  goal.  The  objective  was  t.o  develop  a reliable,  low-cost,  reproducible,  powder  metallurgy  produc- 
tion process  for  manufacturing  premium  quality  hot  isostatically  pressed  (As-HlP)  T700  engine  turbine 
hardware. 

The  program  consisted  of  the  following  five  tasks: 

Task  I Process  Refinement  Definition 

Task  II  Fabrication  and  Evaluation  of  Lab  Test  Specimens 

Task  III  Fabrication  of  Engine  Test  Hardware 

Task  IV  Test  and  Evaluation 

Task  V Technical  Data  Package 

An  additional  task.  Task  VI  - Heat  Treat  Study,  was  added  to  the  program  but  will  be  a separate  report. 

Two  vendors,  A and  B,  were  selected  to  participate  as  the  subcontractors  to  supply  the  material  to  develop 
the  shape-making  technology  and  institute  quality  control  procedures. 

The  objective  of  Task  I,  comprised  of  three  subtasks  (lA,  IB  and  1C)' was  to  define  a process  for  the  production 
of  hot  isostatically  pressed  (As-HIP)  turbine  disks  and  cooling  plates  to  a shape  near  the  ultrasonic  inspection 
envelope. 

The  specific  objective  of  Subtask  lA,  HIP  Process  Definition,  was  to  determine  processing  parameters  including 
powder  mesh  size,  HIP  compaction  parameters  and  heat  treatment  necessary  to  produce  mechanical  properties 
equivalent  to  those  of  current  HIP  + forge  hardware.  The  property  goals  were  as  follows: 

Tensile  Properties 

Stress-Rupture 

Room  Temperature  1200°F  1200®F/150  ksi 


0.2%  YS 

UTS 

EL 

RA 

0.2%  YS 

UTS 

EL 

RA 

Ufe 

EL 

(ksi) 

(ksi) 

(%) 

(%) 

(ksi) 

(ksi) 

(%) 

(%) 

(hr) 

(%) 

180 

230 

10 

12 

167 

207 

8 

10 

50 

3 
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Subtask  IB,  Shape  Definition,  was  directed  toward  developing  a process  to  manufacture  As-HIP  T700  turbine 
disks  and  cooling  plate  shapes.  It  included  the  identification  of  powder  treatment,  container  material,  shape- 
making process  and  container  filling  and  evacuation  procedures. 

Tlie  objective  of  Subtask  1C.  Complete  Process  Definition,  was  to  incorporate  the  processing  parameters 
and  quality  consideration  of  Subtasks  lA  and  IB  into  a complete  manufacturing  process  definition. 

Task  II  was  aimed  at  conducting  a more  detailed  mechanical  property  evaluation  of  the  limited  turbine 
hardware  (disk  and  cooling  plates)  made  in  accordance  with  the  production  process  established  in  Task  I. 

In  addition,  it  included  plans  to  conduct  four  overspeed  spin  pit  burst  tests  to  determine  the  integrity  and 
predictability  of  As-HIP  Rene'  95  hardware. 

The  objective  of  Task  III  was  to  fabricate  several  lots  of  disks  and  cooling  plates  by  each  vendor  in  a pilot 
production  program  using  previously  established  processing  parameters  and  quality  control  procedures. 
Extensive  mechanical  and  metallurgical  evaluation  of  the  hardware  was  planned,  along  with  a rigorous  non- 
destructive inspection  in  order  to  insure  conformance  to  the  material  release  criteria  for  a new  turbine  disk 
material.  A complete  set  of  turbine  hardware  (two  disks  and  four  cooling  plates)  was  then  to  be  machined 
to  final  part  configuration.  These  parts  were  to  be  submitted  for  test  and  evaluation  during  scheduled  engine 
test  of  the  UTTAS  engine  development  program  in  Task  IV. 

Upon  completion  of  all  the  testing  and  inspection,  a technical  data  package  (Task  V)  was  to  be  prepared  and 
submitted  to  the  contracting  officer. 
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TASK  I - PROCESS  REFINEMENT  DEFINITION 


INITIAL  STUDIES 

An  initial  study  designed  to  define  process  parameters  and  to  provide  direction  for  Task  I was  completed  by 
both  the  vendors.  Independent  studies  were  conducted  at  two  vendors  (A  and  B)  to  investigate  the  effect  of 
hot  isostatic  pressing  (HIP)  compaction  parameters  (compaction  cycle,  pressure,  temperature,  and  the  solution 
treatment  temperature)  on  the  microstructure,  density,  and  mechanical  properties  of  powder  metallurgy 
Rene'  95.  Each  vendor  used  powder  of  the  same  mesh  size  and  particle  size  distribution  as  to  be  used  for  Task  1 
studies. 

Two  compacts,  2'A  inches  in  diameter  and  15  inches  long,  of  each  mesh  si.;e/HIP  temperature  combination  were 
prepared  by  Vendor  A according  to  the  plan  given  in  Table  lousing  an  autoclave;  compacts,  prepared  using  addi- 
tional cold  wall  compaction  techniques,  were  added  to  the  study  to  determine  if  this  technique  had  potential 
for  producing  As-HIP  engine  hardware.  Density  measurements  of  the  As-HIP  compacts,  given  in  Table  2, 
indicate  that  all  compacts  achieved  approximately  100  percent  density.  Chemistry  variations  are  believed  to  be 
responsible  for  the  lower  densities  of  the  -200  mesh  compacts,  since  the  two  mesh  size  powders  were  atomized 
from  different  alloy  heats. 

The  effect  of  compaction  temperature  on  microstructure  for  the  As-HIP  conditions  presented  in  Table  1 is 
shown  in  Figures  1 and  2.  Prior  particle  outlining  is  very  evident  in  the  1950“  and  2000“F  compacts.  Consolida- 
tion at  these  temperatures  apparently  results  in  preferential  precipitation  of  7' at  the  highly  mismatched  prior 
particle  surfaces.  Although  most  particles  have  recrystallized  to  a very  fine  grain  structure  (ASTM  8 to  10),  a 
number  of  particles  retain  the  dendritic  structure  inherent  in  argon-atomized  powders.  ConsoMation  at  2050“F 
eliminated  most  of  the  prior  particle  outlining.  A few  particles  recrystallized  during  compac'.ivi  into  a 
relatively  small  number  of  large  grains,  making  them  easily  identifiable  in  the  fine-grained  m?  - . Thi*', 
phenomenon  appears  slightly  more  pronounced  in  the  material  compacted  by  cold-wall  comp.?  jIc'I.  Also, 
the  uniformly  finer  microstructure  of  -200  mesh  powder  reflects  the  finer  particle  size. 

Following  compaction,  3-inch-long  sections  were  cut  from  the  compacts  and  heat  treated  ut  lizing  il'e  standard 
'Rene'  95  heat  treatment.*  Tensile  and  stress-rupture  properties  are  presented  in  Tables  3 ami  i.  Roi  ni  tem- 
jperature  tensile  properties  increased  with  decreasing  HIP  compaction  temperature  in  -60  mesh  comp.-  .-ts, 
although  no  compact  achieved  the  program  goal.  Two  of  the  four  -200  mesh  compacts  cracked  dui;!'g  i-.jat 
treatment,  leaving  only  the  2050“  material  available  for  evaluation.  The  room  temperature  property  guai  was 
achieved  by  the  finer  mesh  size  compact  prepared  in  the  autoclave,  while  the  compact  prepared  by  the  cold-wall 
technique  exhibited  low  ductility,  which  reduced  the  ultimate  strength  significantly. 

Tensu.*  properties  at  1200“F  showed  the  same  general  trends  as  those  at  room  temperature,  with  the  -200  mesh 
compact  prepared  in  the  autoclave  achieving  program  goal  properties. 

Tensile  propertic.  .1  the  -60  mesh  compacts  were  generally  lower  than  those  required.  This  is  believed  to  be 
heat  treat  section  size  effect,  since  the  data  for  proposed  goals  were  obtained  using  specimens  heat  treated  as 
small  (5/8-inch  diameter)  blanks.  Ihe  heat  treat  section  size  used  in  the  initial  study  could  again  result  in  lower 
mechanical  properties,  since  the  21i-inch-diameter  samples  represent  a larger  section  size  than  the  actual  engine 
hardware. 

Stress-rupture  properties  became  more  erratic  and  exhibited  lower  ductility  at  lower  compaction  temperatures. 
The  -60  and  -200  mesh  compacts  prepared  in  the  autoclave  at  2050“F  and  the  -60  mesh  compact  prepared  by 

•1650“f/4  hours,  2000“f/1  houi/OQ,  + 1400“f/16  houis/AC. 
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TABLE  2.  AS-HIP  DENSITIES  OF  INTIAL  STUDY  COMPACTS 
FROM  VENDOR  A 


HIP  Temperature  (°F) 

Powder 

Mesh 

Size 

Autoclave  Compacted 

Cold  Wall  Compacted 

1950 

2000 

2050 

2050 

-60 

0.2986* 

0.2984 

0.2985 

0.2985 

0.2984 

0.2985 

0.2985 

-200 

0.2977 

0.2976 

0.2977 

0.2974 

0.2976 

0.2977 

All  densities  expressed  as  Ib/in.^ 


100X 


(a)  1950°F 


500X 


100X  (b)  2000°  F 500X 

Figure  1 . As-HIP  Microstructures  of  Vendor  A’s  Initial  Study,  -60  Mesh  Compacts 
Fabricated  at:  (a)  1950°F  and  (b)  2000°F  (Sheet  1). 
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(c)  2050°  F 
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(d)  2050°  F 

Figure  1 , As-HlP  Microstructures  of  Vendor  A’s  Initial  Study,  -60  Mesh  Compacts 
Fabricated  at:  (c)  2050°F,  and  (d)  2050°F  by  Cold  Wall  Techniques 
(Sheet  2). 
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Figure  2.  As-HIP  Microstructures  of  Vendor  A’s  Initial  Study,  -200  Mesh  Compacts 
Fabricated  at:  (c)  2050°F  by  Autoclave,  and  (d)  2050°F  by  Coldwall 
Technique  (Sheet  2). 


cold  wall  compaction  mei  the  stress*rupture  life  goal  but  fell  short  of  the  desired  elongation.  This  lack  of  stress- 
rupture  ductility,  which  gi'nerally  indicates  marginaflow-cycle  fatigue  resistance,  was  considered  the  primary 
problem  to  be  faced  in  Task  lA. 

The  examination  of  the  As*HIP  microstructures  and  mechanical  properties  indicates  that  retention  of  prior 
particle  identity  may  have  a deleterious  effect  on  ductility.  Prior  powder  particle  outlining  with  resultant  lack 
of  ductility  is  thus  an  undesirable  condition  and  should  be  avoided.  A thorough  evaluation  of  its  impact,  how- 
ever, was  not  the  goal  of  this  program.  The  grain  growth  across  prior  particle  boundaries  decreased  the  tensile 
properties  slightly  in  the  -60  mesh  compacts,  but  the  associated  ductility  improvements  more  than  compensate 
for  this  strength  loss. 

These  results  suggested  that  a 20S0‘’F  compaction  temperature  should  be  used  on  both  -60  and  -200  mesh 
powder.  The  “cold  wall”  process  appears  to  have  potential  and  should  be  investigated  further. 

To  investigate  the  effect  of  increased  solution  treatment  temperature  (above  2000°F)  on  microstructure  and 
mechanical  properties,  a higher  solution  temperature  was  considered  to  be  potentially  useful,  since  studies*  have 
indicated  a y'  solvus  temperature  of  2125®  through  2150°  F for  As-HlP  powder  metallurgy  Rene'  95.  This  is 
significantly  higher  than  the  2075°  through  2090°F  solvus:temperature  generally  observed  for  cast  + wrought 
Rene' 95. 

Three  mesh  size/compaction  temperature  combinatiohsiwere  exposed  at  2000°  and  2100°F  solution  annealing 
temperature  followed  by  a 1400°F/16-hour/Ae  aging!heatUreatment  prepared  by  Vendor  A.**  Test  results 
given  in  Table  5 indicated  that  the  2100°F  solution^tfeatment  improved  room  temperature  tensile  and  1200°F 
stress-rupture  properties  in  the  -60  and -200  meshipowdericompacts.  The  improvement  in  tensile  properties  is 
more  pronounced  in  the  -60  mesh  powder^^compacts.  Wjth.the  2100°F  solution  annealing  temperature,  the 
effect  of  mesh  size  on  tensile  properties  is  greatly/reduced. 

Stress-rupture  results,  also  shown  in  Table  5,  indicatedia  significant  improvement  in  rupture  life  of  the  -60  mesh 
compacts  with  no  loss  of  rupture  ductUity.  The  increased  wlut|on  temperature  appears  to  have  reduced  the 
average  rupture  life  of  -200  mesh  powder  compacts  slightjy  with  no  apparent  effect  on  ductility. 

The  effect  of  solution  temperature  on  hiicrostructure  ofthe  three  compacts  investigated  is  illustrated  in  Figures 
3, 4,  and  5.  The  behavior  of  -60  mesh  compact  consolidated;at  2000°F  in  an  autoclave  was  typical  of  that 
observed  in  all  compacts  (Figure  3).  The  large  quantity  ofvery  coarse,  unsolutioned  7'  present  after  the  2000°F 
treatment  was  reduced  substantially  by  the  21 00°F«exposure.  The  absence  of  grain  growth  and  the  presence  of  a 
few  large,  agglomerated  7'  particles  after  the  higher  solution  treatment  verify  that  the  y'  solvus  temperature  is 
above  2100°F.  The  dendritic  structure  retained  during:thei2000°F  compaction  cycle  was  reduced  but  not  quite 
eliminated  by  the  2100°F  treatment.  Grain  size  appears  to  range  from  ASTM  8 to  1 1 independent  of  solution 
temperature. 

The  beneficial  effect  of  the  2100°F  solution  treatment  was  more  obvious  in  the  -60  mesh  compact  consolidated 
at  2050°F  (Figure  4).  The  dendritic  structure  has  been  eliminated  by  the  higher  consolidation  temperature.  As 
in  Figure  3,  the  2100°F  treatment  reduces  the  amount  oFcoarse  7'  without  increasing  the  grain  size.  Both 
samples  appear  to  contain  essentially  the  same  grain  size  noted  in; Figure  3 (ASTM  8 to  1 1),  although  most  grain 
boundaries  are  covered  by  7'  particles  after  the  2000°F  solution.  The  substantial  improvement  in  tensile  and 
stress-rupture  properties  of  this  compact  after  the  2100°F  treatment  is  primarily  due  to  the  increased  quantity 
of  solutioned  y'  available  for  precipitation  during:the>subsequent  aging  treatment.  The  increased  volume 


*Privite  Communication  Vendor  A. 

**Heat  treat  section  size  was  2H  inches  in  diameter  by  3'ihches  long. 
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TABLE  5.  EFFECT  OF  SOLUTION  TREATMENT  ON  MECHANICAL  PROPERTIES 


Goals  (min.)  I 180  230 


32 


2100°  F/1  hr/OQ  Solution  Treatment 


1000X 


2000°F/1  hr/OQ  Solution  Treatment 


Figure  5.  Fftect  of  Solution  Treatment  Temperature  on  Microsturcture  of  Vendor  A 
Initial  Study  200  Mesh  Compact  Consolidated  at  2050°F. 
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fraction  and  decreased  interparti'.le  spacing  of  7'  precipitated  during  aging  after  the  2100“F  solution  produced 
the  observed  increase  in  mechanical  properties. 

The  reaction  of  the  -200  mesh  compact  consolidated  at  2050°F  to  the  solution  treatments  was  virtually 
identical  to  that  of  the  -60  mesh  compact.  The  principal  difference  in  the  compacts  was  the  finer  grain  size 
inherent  in  -200  mesh  powder.  The  grain  size  of  the  -200  mesh  compacts,  shown  in  Figure  5,  is  ASTM  10  to  13 
after  either  solution  treatment.  The  presence  of  a considerable  amount  of  intermediate  size  7'  particles  after 
the  2100*’F  solution  was  unexpected,  since  they  were  not  detected  in  the  -60  mesh  compact  after  the  2100“F 
treatment  (Figure  4). 

It  can  be  concluded  that  a 2100“F/l-hour/OQ  solution  treatment  improved  room  temperature  tensile  prop- 
erties significantly  relative  to  the  standard  2000“F/l-hour/OQ  treatment  currently  applied  to  wrought  Rene' 
95.  This  conclusion  applies  to  -60  mesh  powder  consolidated  at  2000“  or  2050“F  and  -200  mesh  powder  con- 
solidate-'. at  2050“F.  Stress-rupture  lives  of  the  -60  mesh  compacts  were  also  improved  by  the  higher  solution 
temperature,  whereas  the  life  exhibited  by  the  -200  mesh  material  appeared  to  be  degraded  slightly. 

Vendor  B investigated  the  effects  of  HIP  compaction  temperature  and  pressure  on  density,  microstructure  and 
mechanical  properties. 

One  compact,  3 inches  in  diameter  and  6 inches  long,  of  each  HIP  temperature/pressure  combination  described 
in  Table  6 was  filled  with  -60  mesh  powder  and  compacted.  Following  compaction,  specimen  blanks  3 inches 
long  and  5/8  inches  in  diameter  were  cut  and  subjected  to  the  standard  Rene'  95  heat  treatment.  The  larger 
section  size  of  engine  hardware  would,  however,  require  faster  quench  rates  to  achieve  similar  properties. 

Results  of  density  measurements  on  As-HIP  plus  heat  treated  samples  are  presented  in  Table  7.  It  appears  that 
several  samples,  compacted  primarily  at  the  lower  temperature,  deviate  by  maximum  of  ±0.01  percent  from 
this  heat’s  assumed  theoretical  density  of  0.2995  ±>.000 1 pound/inch  ’ (typical  measuring  accuracy). 

The  effects  of  compaction  temperature  and  pressure  on  microstructure  for  the  HIP  conditions  presented  in 
Table  6 are  shown  in  Figure  6.  Photomicrographs  of  the  -60  mesh  compacts  appear  in  Figure  6.  Consolidation 
at  lower  temperature  produce^  the  same  type  of  prior  particle  outlining  observed  in  the  Vendor  A compacts. 

Tensile  properties  of  the  heat  treated  compacts,  shown  in  Table  8,  seem  to  indicate  no  significant  effect  of 
compaction  temperature  variation.  Increasing  compaction  pressure  seems  to  improve  properties  slightly. 
Nearly  all  specimens  achieved  the  program  goals  at  room  temperature,  but  several  exhibited  low  ductility  at 
1200“F. 

Results  of  the  stress-rupture  testing  at  1200“F/150  ksi  are  presented  in  Table  9.  The  data  indicates  the  same 
erratic  behavior  and  low  rupture  ductility  as  seen  in  the  Vendor  A compacts.  The  problem  appears  somewhat 
more  severe  in  the  Vendor  B samples,  since  rupture  lives  as  well  as  ductilities  are  very  low  in  many  cases. 

In  order  to  further  investigate  the  effect  of  HIP  cycle  parameters  on  microstructure  and  mechanical  properties, 
six  additional  3-inch-diameter  compacts  were  fabricated.  Compacts  containing  -60  mesh  and  -100  mesh 
powder  were  consolidated  using  the  following  three  different  HIP  cycles. 

Cycle  1:  Alumina  grain  fill  used  as  insulation  in  HIP  chamber.  Very  low  pressure  (500  psi)  initially  applied 
at  room  temperature  and  maintained  until  temperature  stabilizes  at  2050“  F and  then  pressurized  as  rapidly 
as  possible  to  15,000  psi,  held  for  2 hours,  and  then  the  temperature  and  pressure  are  reduced  as  quickly  as 
possible. 
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Figure  6.  Microstructures  of  -60  Mesh  Vendor  B Initial  Study  Compacts  - (Sheet  1) 


Cycle  2:  Same  procedure  as  Cycle  1 without  alumina  grain  fill. 

Cycle  3:  Alumina  grain  fill  is  not  used.  Maximum  pressure  (IS.OOO.psi)  at  room  temperature  is  applied  and 
then  heated  as  rapidly  as  possible  to  2050“F,  maintaining  15,000  psi  pressure  atall  times  by  bleeding  off 
gas  as  the  temperature  increases.  Compacts  are  held  for  2 hours  after  stabilizing  at  2050°F,  and  then  the 
temperature  and  pressure  arc  reduced  as  quickly  as  possible. 

Density  results  of  consolidated  samples  presented  in  Table  10  indicate  that  the  compacts  consolidated  using 
HIP  Cylccs  1 and  3 were  essentially  fully  dense,  while  compacts  from  Cycle  2 contained  a very  slightamount 
of  porosity  (0.1  percent).  Thermally  induced  porosity  (TIP)  testing  to  determine  the  amount  of  argon  gas 
remaining  revealed  that  the  -60  mesh  compact  from  Cycle  1 contained  large  amounts  of  argon.  Tlie  remaining 
compacts  contained  acceptably  low  quantities  of  argon. 

Tensile  properties,  given  in  Tabie  1 1 , were  obtained  at  room  temperature  and  i200“F  on  heat-treated"  -60  and 
-100  mcsli  compacts.  Tensile  strengths  are  lower  than  those  obtained  in  the  previous  compacts;  a contributing 
factor  may  be  the  larger  section  size  of  the  heat  treat  specimen.  The  3-inch-diameter  HIP  cycle  study  compacts 
were  heat  treated  prior  to  machining  the  specimens,  whereas  0.625-inch-diameter.machincd  specimen  blanks 
were  treated  and  tested  initially.  The  data  indicate  that  powder  mesh  size  has  little  effect;on>room:temperaturc 
strength.  Various  I IIP  cycles  appeared  toproduce  similar  results,  although  the  ductility  ofiCycle  3 wasunarginal. 

Stress-rupture  results,  presented  in  Table  12,  indicate  very  low  ductilities  and:only  oneiacceptabIe;life  value  for 
all  cycles  and  powder  mesh  sizes.  Thus  no  conclusions  could  be  reachedTor  an  acccptableicycle,  The  variabies 
investigated  in  the  three  cycles  appear  to  have  little  effect  on  the  heat*treatedMnicrostructure*shown.in 
Figure  7.  The  only  microstructural  feature  that  would  be  interpreted  as  varying  with:HlP'Cycle;|snhe*amount 
of  residual  dendritic  structure  in  the  -60  mesh  compacts.  Heating  to  the: HIP  temperature* withiinsulation 
before  pressurizing  (Cycle  1)  seems  to  reduce  the  quantity  of  dendritic  structure-retainedifromithe;atomized 
powder  relative  to  Cycles  2 and  3,  which  probably  is  a measure  of  the  totaf  temperature/tiineiexposure. 

Initial  studies  thus  indicated  that  2050'’F  is  the  recommended  compactionitemperature=andithe;compaction 
pressure  of  15  ksi  should  be  adequate.  The  HIP  cycle  does  not  seem  to  have  any  conclusive  effect.. However, 
Cycle  2 should  be  avoided.  A higher  solution  temperature  treatment  (2100°  versus.2000°E);improved  mechan- 
ical properties  and  should  be  further  investigated.  The  lack  of  adequate  stress-ruptureiductility,. however, 
remains  the  problem  to  be  faced  in  Task  lA. 


♦Heat  Treatment  - 1650°F/4  hours/AC  + 2000°F/1  hour/OQ  + 1400°F/I6  houri/AC. 
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TABLE  10.  EFFECT  OF  HIP  CYCLE  ON  DENSITY  OF  COMPACTS  - VENDOR  B 


Density 


HIP  Cycle* 

Powder  Mesh 

No. 

Size 

1 

-60 

-100 

2 

-60 

-100 

3 

-60 

-100 

'1  ~ Pressurized  at  temperature  — use  insulating  material 

2 — Same  as  (1)  w/o  insulating  material 

3 — Same  as  (2)  butpressurizedfaCRT 


After  TIP 

% 

Exposure** 

Change 

"TIP  (Thermal  Induced  Porosity);Exposure  = 2200°F/4  hr/AC 


i 


1200  167 


HIP  Cycle  #1 


HIP  Cycle  #2 
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Figure  7.  Effect  of  HIP  Cycle  on  Microstructure  of  Vendor  B Initial  Compacts 
(Cycle  #2  - Pressurized  at  2050°F  with  Insulating  Material) 

(Sheet  2). 


HIP  Cycle  #3 


X 


-60  Mesh 


Figure  7.  Effect  of  HIP  Cycle  on  Microstructurc  of  Vendor  B Initial  Compacts 
(Cycle  #3  Pressurized  at  2050°F  with  Insulating  Material)  (Sheet  3), 
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TASK  lA  - HIP  PROCESS  DEFINITION 


Tlie  primary  objective  of  Task  I A was  to  develop  the  processing  parameters  necessary  to  produce  the  program 
goal  properties  in  As-HlP  Rene*  95.  Each  of  the  powder  vendors  addressed  the  problem,  utilizing  the  flow 
diagram  sltown  in  Figure  8. 

Master  powder  blends  of  each  of  the  two  mesh  size  powders  selected  by  the  vendor  were  prepared.  Vendor  A 
used  -60  and  -200  mesh  powder,  while  Vendor  B selected  -60  and  -100  mesh  powder  for  evaluation.  Certified 
chemical  analyses  of  powders  from  both  vendors  are  presented  in  Tables  13  and  14. 

Tlie  scanning  electron  micrographs  shown  in  Figures  and  1 0 indicate  that  the  -60  mesh  powders  from  Vendors  A 
and  B are  virtually  identical  in  size,  shape  and  satellite  formation.  Other  than  the  expected  lack  of  large  par- 
ticles in  the  finer  mesh  powders,  the  morphologies  of  Vendor  A’s  -200  mesh  and  Vendor  B’s  -100  mesh 
powders  are  very  similar  to  their  -60  mesh  products. 

bach  powder  vendor  fabricated  hollow  cylindrical  billets  from  -60  mesh  and  their  finer  mesh  powders.  The 
powders  were  encapsulated  in  mild  steel  and  hot  isostatically  pressed  at  2050®F.  Final  dimensions  of  the 
cylinders  were  approximately  6.5  inches  outside  diameter  by  2.75  inches  inside  diameter  by  20  inches  in 
length.  Compacted  cylinders,  when  cut  into  2-inch-thick  slices,  were  prototypes  of  the  cooling  plate  shapes. 

Density  and  thermally  induced  porosity  (TIP)  measurements  were  completed  on  billets  A and  B from  Vendor 
B and  billets  B107  and  Bill  from  Vendor  A to  determine  the  relative  amount  of  entrapped  argon  in  each 
compact.  The  determination  consisted  of  density  measurements  on  samples  in  the  As-HlP  and  As-HlP  + heat 
treated  (2200“F/4  hours)  c onditions.  The  observed  decrease  in  density  is  proportional  to  the  quantity  of 
argon  remaining  in  the  compact.  Results,  given  in  Tables  1 5 and  16,  indicate  that  all  areas  of  both  vendor’s 
billets  conform  to  GE’s  specification  CS6TF64,Paragraph  3.6,  requirements  (0.2  percent  change 
maximum). 

All  the  As-HlP  compacts  were  subjected  to  metallographic  examination.  Microstructure  of  Vendor  A’s-6Umesh 
and  -200  mesh  billets  (B1 1 1 and  B107  respectively)  confirmed  the  desired  fine  grain  structure  (Figures  1 1 and 
12).  Vendor  B’s  billet  A (Figure  13)  has  a uniform  microstructure  suggesting  uniform  heating.  The  micro- 
structure of  billet  B (Figures  14a  and  14b)  showed  increased  grain  size  and  preferential  precipitation  of  large 
y at  prior  particle  boundaries  near  the  top  of  the  compact  indicating  possible  overheating  in  this  region.  To 
determine  the  longitudinal  penetration  of  overheating,  two  slices  (2  inches  thick)  were  cut  from  the  top  of 
compact  B.  Optical  metallography  of  samples  (Figure  15)  from  top  and  bottom  of  these  slices  suggested  that 
less  than  2.5  inches  of  the  total  length  was  overheated.  Only  the  material  cut  from  below  the  overheated 
section  of  billet  B was  used  in  Task  lA. 

SCREENING  TEST  EVALUATION 

A number  of  2-inch-thick  slices  from  -60  mesh  powder  billets  were  prepared  for  the  heat  treatment  study.  The 
plan  for  the  heat  treatment  study  is  described  in  Table  17.  The  two  principal  variables  in  this  study  were 
solution  temperature  and  aging  treatment.  The  hollow  cylinders  were  quartered  after  solutioning  so  that  four 
different  aging  treatments  could  be  examined  on  each  cylinder.  A typical  slice  is  shown  in  Figure  16  after  it 
had  been  solutioned  and  sectioned  into  quarter  segments  prior  to  application  of  the  experimental  aging 
treatments. 

Each  vendor  solution  treated  two  cylinders  (1  and  2)  using  the  standard  (wrought)  Rene'  95  solution  tcmpeia- 
ture  (2000‘’F)  and  applied  eight  different  aging  treatments  to  the  quarter  sections.  In  addition  to  establishing 
a reference  condition  of  the  standard  heat  treatment  with  the  1400°F/16*hour  age,  several  overaging  treatments 
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TASK  I 


POWDER  SOURCE  A 


PRODUCE  RENE'  95  POWDER 


PREPARE  VARIOUS 
MESH  SIZES 


POWDER  SOURCE  B 


PRODUCE  RENE'  95  POWDER 


PREPARE  VARIOUS 
MESH  SIZES 


SUBTASK  lA 
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HIP  TO 
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I 
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EVALUATION 
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ACHIEVE  MECHANICAL 
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EACH  POWDER  SOURCE 
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FILL,  EVALUATE,  AND  HIP 
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INSPECT,  HEAT  TREAT, 
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I 

3RD  ITERATION 


DEFINE  SHAPE  MAKING 
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EACH  POWDER  SOURCE. 


Figure  8.  Flow  Chart  for  Task  I. 
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TABLE  14.  CHEMISTRY  OF  VENDOR  B TASK  I AND  II  RENE'  95  POWDER 
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TABLE  15.  THERMALLY  INDUCED  POROSITY  MEASUREMENTS  ON 
TASK  I A BILLETS  - VENDOR  A 


Powder 
Mesh  Size 

Density  (Ib/in.^) 

Density 
Change  (%) 

Billet  No. 

As-HIP 

TIP* 

B107 

-200 

0.2981 

0.2974 

0.23 

B107 

-200 

0.2983 

0.2975 

0.28 

Bill 

r-60 

0.2982 

0.2975 

0.21 

Bill 

-60 

0.2983 

0.2975 

0.29 

•TIP  Treatement  - 2200'’F/4  hr/AC 
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TABLE  16.  THERMALLY  INDUCED  POROSITY  MEASUREMENTS  ON 
TASK  I A BILLETS  - VENDOR  B 


Billet 

End 

Location 

As-HIP 

Density  {lb/in.^1 

Top 

0.2992 
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Mid  Radius 
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0.2991 

Bottom 

1.0. 

0.2992 

‘TIP  Treatment  - 2200‘’F/4  hr/AC 
IqD  — Outside  diameter  of  hollow  cylinder 
- Inside  diameter  of  hollow  cylinder 
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500X 


d)  Bottom  Surface  at  Outside  Diameter 

Figure  14.  MetaUographic  Survey  of  Task  lA  -60  Mesh  BilletaB—  Vendor  B (sheet  2). 
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Figure  1 6.  Typical  Hollow  Cylindii‘-'i>l  Slice  Used  in  Task  lA  Screening  Test  Fvaluation. 
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at  1 400°,  1 500°  and  1 600°r  were  evaluated.  Two  double  ages  were  also  included  to  determine  if  a 1 200°F/ 
24-|iour  treatment  after  an  initial  overage  has  any  beneficial  effect  on  mechanical  properties.  The  aging  treat- 
ment for  the  I'lidesignated  quarter  segment  was  to  be  based  on  information  generated  by  the  first  seven 
segments. 

The  potential  of  higlier  solution  temperatures  was  further  investigated  on  cylinders  3 and  4 by  Vendor  A.  In 
the  initial  study  it  was  indicated  that  higher  temperatures  would  tend  to  increase  the  7'  in  solutton  prior  to  the 
quenching  cycle.  The  two  vendors  used  different  solution  temperatures,  since  the  initial  studies  indicated  that 
their  7'  solvus  temperatures  differed  by  20°F.  The  aging  treatments  were  identical  to  those  evaluated  with  the 
2000°F  .solution  temperature. 

The  possibility  of  encountering  quench  cracking  during  oii  quenching  was  the  primary  reason  for  employing  a 
I000°F  salt  quench  on  iiollow  cylinders  5 and  6.  The  solution  temperatures  and  aging  treatments  were  similar 
to  those  used  on  cylinders  3 and  4. 

Cylinders  7 and  8 were  used  to  determine  'he  effect  of  solution  treating  at  a temperature  above  the  7'  solvus. 
This  procedure  could  produce  grain  growth,  along  with  dissolution  of  all  large  7'  formed  during  consolidation. 
Since  oil  quenching  from  these  temperatures  (2 165°  to  2185°F)  could  result  in  severe  quench  cracking,  two 
slower  cooling  treatments  were  used.  Cylinder  7 was  quenched  into  I500°F  salt  and  held  for  4 hours.  This 
condition  was  evaluated,  along  with  two  secondary  aging  treatments  designed  to  produce  much  finer  precipi- 
tates. Cylinder  8 was  rapid  air  cooled  from  the  same  solution  temperature  as  cylinder  7.  A 1 500°F/4-hour  age 
was  then  applied  to  one  segment  to  compare  with  the  as-quenched  segment  from  cylindei  7.  The  other  two 
aging  treatments  were  also  included  for  comparative  purposes.  One  segment  from  each  cyltnder  remained 
undcsignated  pending  analysis  of  the  planned  data.  Each  vendor  kept  the  undesignated  cylinder  9 for  further 
optimization  of  the  best  of  the  initial  planned  heat  treatments. 

The  heat-treated  compact:  were  subjected  to  optical  metallography,  tensile,  and  stress  rupture  testing.  Test 
specimens  used  for  the  evaluation  arc  shown  in  Figure  1 7.  Specimen  locations  from  each  quarter  section  are 
illustrated  in  Figure  18.  In  addition  to  the  tangential  .specimens,  one  specimen  in  the  axial  orientation  was 
machined  from  several  quarter  sltctions  to  determine  mechanical  property  isotropy.  HeaMreat  section  size 
was  maintained  at  2 inches  during  all  solution  treatment. 

Test  results  from  both  vendors  are  tabulated,  along  with  appropriate  heat-treat  conditions,  in  Tables  18  and 
l9.  Typical  microstructures  produced  by  each  of  the  solution  treatments  are  shown  in  Figures  19  and  20. 
Differences  due  to  the  various  aging  treatments  could  not  be  discerned  using  optical  metallography. 

The  standard  2000° F/1  hour/OQ  solution  treatment  produced  a fine  grained  structure  with  a large  quantity 
of  coarse,  unsolutiorted  7'  remaining  after  solutioiiing  (Figures  19a  and  20a).  Mechanical  property  results 
from  both  vendors  indicated  the  tensile  yield  strength  to  be  lightly  below  program  goals,  although  ultimate 
strengths  and  ductilities  were  excellent  at  both  lest  lemperatuies.  .Stress-rupture  ductilities  were  generally 
low  for  all  aging  treatments. 

The  2075°F/1  hour/OQ  solution  applied  to  Vendor  B material  produced  the  best  combination  of  properties 
observed  to  date  in  As  HIP  Rene'  95.  Ail  test  points  exceeded  program  goals  in  quarter  sections  A3C  and 
A4C.  Properties  of  A4A  were  also  excellent  with  the  exception  of  slightly  low  stress  rupture  ductility.  The 
microstructure  produced  by  this  solution  treatment,  shown  in  Figure  20b,  had  approximately  the  same  grain 
size  as  the  2000°F/1  !iour/OQ  material  but  the  quantity  of  undissolved  7'  was  significantly  reduced.  The 
2100°F/1  hour/OQ  solution  applied  to  Vendor  A material  produced  even  higher  tensile  yield  and  ultimate 
strengths  than  those  observed  in  the  Vendor  B specimens.  These  high-tensile  properties  were  Generally 
accompanied  by  somewhat  lower  stress  rupture  ductilities  than  previously  obtained  in  the  Vendor  B material 
solutioncd  at  2075°/!  hour/OQ.  The  microstructure,  after  2100°F/1  hour/OQ,  shown  in  Figure  19b,  indicates 
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Figure  17.  Smooth  Bar  Specimen  Used  for  Task  lA  Screen  Evaluation  - Tensile 
and  Stress-Rupture  Tests. 
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A a"* 

B)  VIEW  A - A** 


SPECIMEN  TYPE  l OCATION 

ROOM  TEMP.  TENSI LE  3 & 5 

1200°F  TENSILE  4,  6,  fie  7 

1200°F/150KSI  STRESS  RUPTURE  1 fie  2 

Figure  1 8.  Test  Specimen  Location  for  Task  lA  Heat-Treatment  Screening 
Evaluation. 
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TABLE  18.  INITIAL  TASK  I A SCREENING  TEST  RESULTS  ON  VENDOR  A MATERIAL  (SHEET  1 ) 
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TABLE  19.  INITIAL  TASK  lA  SCREENING  TEST  RESULTS  ON  VENDOR  B MATERIAL  (SHEET  2) 
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Figure  20.  l^ypical  Microstructuresiof  Task  lA  Initial  Heat-Treat  Evaluation  of  Quarter 
Sections  After  Solution  Treatment  - Vendor  B?(Sheet  2). 
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that  more  recrystallization  and  a reduced  amount  of  undissolved  y'  were  produced  relative  to  the  Vendor.  B 
2075°F/l-hour/OQ  treatment.  Of  all  the  aging  treatments  applied  after  the  2100‘’F/1  hour/OQ,  only  the 
1400°F/64-ltour/ AC  produced  tensile  and  rupture  properties  exceeding  the  program  goals.  All  specimens  for 
quarter  sections  3C,  3D,  and  4G  were  machined  in  the  transverse  (axial)  orientation  due  to  material  cracking 
during  the  oil  quench  from  llOO^F. 

Mechanical  properties  after  solutioning  the  Vendor  B material  at  2075“F/1  hour  and  quenching  into  1000°=F 
salt  were  lower  than  the  oil  quench  values.  This  was  expected  since  the  slower  cooling  rate  does  not  retain  as 
much  y in  solution  as  the  faster  oil  quench  thereby  reducing  the  quantity  available  for  subsequent  aging  at 
lower  temperatures.  This  is  illustrated  in  Figure  20c.  Although  tensile  properties  and  stress  rupture  lives  were 
reduced,  the  stress  rupture  ductilities  were  generally  greater  than  those  observed  after  the  2075°F/1  hour/OQ 
solution  treatment.  The  primary  purpose  of  investigating  the  salt  quench  was  to  provide  an  alternate‘2075°F 
solution  treatment  in  the  event  the  oil  quench  produced  quench  cracking  in  the  turbine  disk  shapes.  Resulting 
properties  after  solutioning  the  Vendor  A material  at  2100°F/1  hour/1000‘’F  salt  quench  were  somewhat 
lower  than  the  corresponding  oil  quench  values,  but  signiHcantly  higher  than  the  Vendor  B material  solutioned 
at  2075“F/1  hour/lOOO^F  salt  quench.  The  microstructure,  shown  in  Figure  19c,  reveals  approximately  the 
same  grain  size  and  ^egrec  of  recrystallization  as  observed  in  the  oil  quench  sample.  However,  as  in  the 
Vendor  B material,  a greater  amount.ofintermediate  7'  was  present  due  to  the  slower  cooling  rate  produced 
by  the  1000°F  salt  quench.  The  slower  quench  rate  reduced  the  tensile  strengths  slightly  while  generally 
improving  stress  rupture  ductilities.  One  heat  treatment  , quarter  section=6H,  exceeded  alhprogram  goal^while 
a second,  quarter  section  6F,  met  all  goals  except  roornttemperature  yield  strength. 

Solution  treatmentsiabove  the  7'  solvus:produced  some?grain  growthUo.ASTM  5-6  in  Vendor  B material,  as 
shown  in  Figures  20d>and  20e,  and:ailarger  quantity  of  7'  precipitated-during  coolingsfrom  the  solution 
temperature  due  to  the  slower  quenching  rates.  Rapid  alr  cooling  and  quenching  into  J500®F  salt  appeared 
to  produce  approximately  equivalentibackground  7'  sizes  and  distributions.  Tensile  strengths  were  degraded 
significantly  by  theseisolution  treatments,  but  tensile  and  stressrrupture  ductilities  were  excellent,  Vendor*Als 
solution  treatments  above  the  7'  sol vus  resulted  in  slightly  finer  grain  sizes  (ASTM  5*7)  than  the  corresponding 
Vendor  B material.  The  Vendor  A cooling  rate  from  21i75®F  appeareditoibe  somewhat  higher  than  Vendor  B’s, 
based  on  the  reducedJbackground  7'  sizes  shown  in  Figures  19d  and  19e,  Rapid  air  cooling  and  quenching  into 
1 S00°F  salt  and  holding  for  4 hours  produced  approxihiately  equivalent  background  sius  and  distributions.  As 
with  the  Vendor  B material,  tensile  strengths  were  degraded  significantly  by  these  solution  treatments,  but 
tensile  and  stress  rupture  ductilities  were  excellent.  The;extremely  high  room  temperature  tensile  strengthiof 
qu^ter  section  SE  remains  an  anomaly.  Metallographiciexamination  ofthe  fractured  specimen  indicatedithat 
the:microstructure  was  consistent  with  that  shown  in?Figure  19d.  Based  on  these  results,  several  additional 
heat  treatments  were  specified  for  the  undesignated  Task  lA  material.  One-quarter  section  from  the  Vendor  A 
2100'’F/1  hour/1000°F  salt  quench  material  was  aged!atd400°F/64hours/AG  + 1200°H/24  hours/AC  in  an 
effortto  improve.yield  strength.  The  remaining  undesignated  -60  mesh'hollow  cylindricaliSlice  was  solutioned 
at  2100°F/1  hour  and  quenched  into  SOO^F  salt  to  provide  a slightly  faster  cooling  ratesthan  the  1000°F  salt 
quench.  Aging  treatments  evaluatedsincluded  1400®F/64  hours/ AC,  1400®F/64  hours/AG  + 1 200® F/24 hours/ 
AC,4500°F/4  hours/AC+  1200°F/24;hours/AC,  andd600°F/l  hour/AG  +1200®F/24ihours/AC.  In  addition, 
three  -200  mesh  slices  were  solution  treated  at:  (1)  2100®F/1  hour/1000°F  salt  quench;  (2)  2100°F/l=hour/ 
500“=F  salt  quench;  and  (3)  2075°F/Jihour/OQ  and  aged  using  the  sameifour  treatments'identified  fordhe  -dO 
mesh  slice  solutioned  at  2100®F/l;hour/500®F  salt  quench.  Results  ofthe; tensile  and  stress-rupture  evaluation 
oftthe  additional  Vendor  A aging  treatments  are  presented  in  Table  20, 

The  500® F salt  quench  was  applieddo  Vendor  A -60  and  -200  mesh  material  to  provide  a cooling  rate  between 
awery  fast  oil  quench  and  the  slightly  slower  1000®F  salt  quench,  bothof  which  were  applied  to  -60  mesh 
material  in  the  initialrheat-treat  evaluation.  The  microstructure  of  the  -60  mesh  material,;Shown  in  Figure  21a, 
is  virtually  identicahto  the  oil  quenched  and  1000®F  salt  quench  materials  shown  in  Figure  19.  The  differences 
in  y size  of  quenched  material  cannot  be  detected  by  optical  metallography.  Mechanicaliproperties  of  the  -60 
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TABLE  20.  ADDITIONAL  TASK  lA  SCREENING  TEST  RESULTS  ON  VENDOR 
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Figure  21.  Typical  Microsturctures  of  Vendor  A Task  lA  Additional  lleat-Trcatmcnt 
Quarter  Sections  After  Solution  Treatment  (Sheet  1). 
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lOOX  -200  Mesh  Materia'  1000X 

c)  1650°F/4hr-»2100°F/1  hr/1 000“  F Salt  Ouenrh 


100X 


■200  Mesh  Material 


1000X 


I d)  1650“  F/4hrs->  1075“  F/1  hr/OQ 

1 


f-'igiire  2 1 . Typical  Microstructures  of  Vendor  A Task  lA  Additional  Heat-Treatment 
Quarter  Sections  After  Solution  Treatment  (Sheet  2). 
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mesh  material,  when  compared  to  those  given  in  Table  18,  indicate  that  yield  and  tensile  strengths  for  the 
500°F  salt  quench  are  slightly  below  those  after  oil  quench  and  approximately  equivalent  to  those  after 
I000°F  salt  quench.  Stress  rupture  lives  and  ductilities  are  generally  higher  than  after  oil  quenching  but  again 
virtually  coincident  with  those  obtained  after  I000°F  salt  quenching.  The  conclusion  derived  from  these  data 
is  that  the  sample  size  used  for  this  evaluation  can  be  adequately  quenched  in  1000°F  salt  and  retain  sufficient 
y'  in  solution  to  develop  neaf-maximum  properties  in  subsequent  age.  The  500“F  salt  quench  develops  similar 
properties  for  this  size  bar  but  may  be  most  useful  in  developing  full  properties  in  heavier  sections.  For  this 
evaluation,  on  vendor  A material,  the  1000°F  salt  quench  appears  to  be  near  optimum  quench  rate. 

Application  of  the  500°F  salt  quench  to  -200  mesh  powder  resulted  in  the  same  microstructure  (Figure  21b) 
observed  in  the  -60  mesh  material.  Tensile  and  yield  strengths  were  somewhat  higher  than  those  obtained  on 
the  -60  mesh  material.  No  explanation  is  currently  available  for  the  one  very  low  RT  yield  strength  of  disk 
22H.  The  stress  rupture  properties  were  approximately  equivalent  to  the  -60  mesh  material. 

’llie  2100°F/IOOO“F salt  quench  was  also  applied  to  Vendor  A -200  mesh  powder  material  to  compare  with 
previously  obtained  results  on  -60  mesh  material.  The  microstructure,  shown  in  Figure  21c,  is  very  similar  to 
that  of  the  500°F  salt  quench  material  (21b).  Tensile  properties  of  the  1000“F  salt  quench  samples  were 
slightly  lower  in  some  cases  than  corresponding  data  from  the  -200  mesh  500°F  salt  quench  material.  This 
difference  is  most  noticeable  when  1200°F  yield  strengths  are  compared.  Again,  no  reason  is  available  for  the 
one  very  low  room  temperature  yield  strength  value  in  disk  2 IF.  Stress  rupture  lives  appear  to  be  slightly 
lower  than  corresponding  500°F  salt  quench  material,  while  ductilities  were  at  least  equivalent  to,  or,  in  the  case 
of  disk  21 H,  significantly  better  than,  corresponding  disk  22H.  Tensile  properties  of  the  -200  mesh  I000“F 
salt  quench  material  were  generally  equivalent  to  those  obtained  on  similarly  heat  treated  -60  mesh  material 
(Table  20),  Stress  rupture  lives  were  slightly  lower,  while  ductilities,  except  for  disk  2 IH,  were  equivalent  to 
the  -60  mesh  material. 

One  Vendor  A -200  mesh  hollow  cylindrical  slice  was  solution  treated  at  2075‘’F/1  hour/OQ  to  compare  with 
the  initial  heat  treatment  evaluation  data  on  -60  mesh  Vendor  B material  (Table  19).  The  microstructure  after 
quenching,  shown  in  Figure  2 Id,  was  uniformly  finer  than  the  -60  mesh  Vendor  B material  (Figure  22a)  but 
ontained  essentially  the  same  y'  size  and  distribution.  Tensile  properties  of  the  -200  mesh  Vendor  A material 
were  approximately  equivalent  to  those  of  the  -60  mesh  Vendor  B material.  There  seems  to  be  a tendency  for 
somewhat  lower  tensile  ductilities  in  the  -200  mesh  samples  which,  in  disk  23J,  apparently  reduced  room 
temperature  tensile  and  yield  strengths  substantially.  Stress  rupture  properties  were  very  erratic  in  the  -200 
mesh  material  and  generally  lower  than  the  initial  Vendor  B -60  mesh  data  (Table  21).  Some  of  the  data 
scatter  in,  the  -200  mesh  samples  may  have  been  caused  by  quench  cracks.  Some  cracking  was  noted  visually 
in  one  quarter  section  and,  although  efforts  were  made  to  avoid  these  areas,  some  specimens  could  have 
contained  fine  cracks  prior  to  testing. 

.Several  additional  heat  treatments  were  also  specified  for  the  undesignated  Vendor  B Task  lA  material.  One 
quarter  section  from  the  2000*’F/1  hour/OQ  and  207‘5'’F/1  hour/OQ  material  was  aged  at  1400°F/64  hours/ 
AC  + 1200°F/24  hours/ AC  in  an  effort  to  improve  yield  strength.  The  1200®F/24  hours/ AC  age  effectively 
increased  strength  after  the  1500'’F/4  hours/ AC  and  1600°F/1  hour/ AC  intermediate  ages  (quarter  sections 
A2A,  A2C,  A4A,  and  A4C  in  Table  19).  An  attempt  was  also  made  to  improve  the  yield  strengths  of  the 
material  solution  treated  above  the  y solvus  by  employing  a double  solution  treatment  on  the  undesignated 
hollow  cylindrical  slice.  The  initial  2 1 65" F/1  hour/RAC  was  followed  by  a 2075°F/1  hour/OQ  treatment  to 
resolve  most  of  the  y'  precipitated  during  the  air  cooling  from  2165°F.  The  primary  intent  here  was  to  pro- 
duce an-ASTM  5-6  grain  size  and  make  a large  quantity  of  solutioned  y'  available  for  subsequent  low  temper- 
ature aging.  The  aging  treatments  evaluated  include  1400°F/64  hours/AC,  1500°F/4  hours/AC  + 1200"F/ 
24  hours/AC,  and  1600°F/1  hour/ AC  + 1200°F/24  hours/ AC.  One  quarter  section  remained  undesignated 
pending  results  of  the  other  three  sections. 
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30X  -ICr*  Me*h  Material 

c)  1650”F/4hr— >2075‘'F/  i hr/OQ 

Figure  22.  Typicul  Micro.structiire.s  of  Task  lA  Addiliomil  Heat-Treatment  QiiJirter 
Sections  After  Solution  Treatment  Vendor  B. 
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Results  of  the  double  solution  treatment  of  Vendor  B -60  mesh  powder  are  presented  in  Table  21 . Essentially 
the  same  grain  size  observed  in  the  previous  -60  mesh  specimens  solutioned  at  2165°F/1  hour/RAC  was  pro- 
duced. However,  the  y'  size  and  distributio..  was  altered  significantly  by  the  second  solution  treatment 
(2075°F/1  hour/OQ).  Large  y‘  precipitated  at  grain  boundaries  and  within  the  grains  during  the  1 hour  at 
2075°F  (as  shown  in  Fig.  22a).  Much  more  7'was  available  for  subsequent  aging  because  of  the  oil  quench  from 
2075°F.  This  increased  amount  of  available  7 'resulted  in  increased  properties,  as  can  be  seen  by  a comparison 
of  data  in  Tables  19  and  2 1 . The  average  increase  in  yield  strength  was  20  to  25  ksi  at  both  room  temperature 
and  1200°F.  Ultimate  strengths  and  stress  rapture  lives  also  improved  substantially,  while  tensile  and  stress 
rupture  ductilities  were  degraded  slightly.  Some  quench  cracking  was  detected  in  one  of  the  quarter  sections 
suggesting  that  the  oil  quench  may  be  too  severe  for  the  large-grained  structure  produced  by  the  initial  solution. 

A 2-inch-thick  slice  from  the  -100  mesh  Vendor  B billet  was  also  given  the  double  solution  treatment  to  deter- 
mine the  effect  of  powder  mesh  size.  .Metallographic  and  mechanical  property  evaluation  indicated  that  the 
response  of  the  -lOO  mesh  material  was  essentially  identical  to  that  of  the  -60  mesh  material.  The  micro- 
structure, shown  in  Figure  22b  is  very  similar  to  the  -60  mesh  material.  Mechanical  properties  show  the  same 
trends  as  the  -60  mesh,  although  the  -100  mesh  samples  appear  to  have  slightly  better  room  temperature 
tensile  ductilities  and  less  scatter  in  stress  rupture  ductility  data.  The  double  solution  treatment  appeared  to  be 
a potentially  attractive  heat  treatment,  especially  for  Class  C (slightly  lower  than  our  goal  of  Class  B)  hardware. 

The  most  promising  Vendor  B solution  treatment  (2075°F/1  hour/OQ)  identified  using  -60  mesh  material  was 
also  applied  to  two  -100  mesh  slices  to  determine  if  any  mechanical  property  improvements  could  inherently 
be  obtained  with  a finer  mesh  size  powder.  Results  indicated  that  application  of  the  2075°F/1  hour  /OQ  solu- 
tion treatment  to  -100  mesh  material  p .oduced  nucrostructures  (Figure  22c)  and  mechanical  properties  (Table 
21)  similar  to  those  observed  in  the  -60  mesh  material.  The  only  properties  significantly  affected  by  the  finer 
mesh  size  were  stress  rupture  lives  and  ductilities.  These  properties  were  improved  substantially  for  several 
aging  treatments,  including  1400°F/16  hours/AC,  1400°F/32  hours/AC,  1500'F/4  hours  /AC  and  1500°F/ 

AC  + l200'’F/24  hours/AC.  Tensile  strengths  and  ductilities  deviated  very  little  from  the  values  determined 
on  the  -60  mesh  disk  (Table  21). 

DETAILED  EVALUATION 

Based  on  the  screening  test  results,  a 'otal  of  eight  m.esh  size/heat  treatment  combinations  (four  per  powder 
vendor)  were  selected  for  detailed  evaluation.  Important  process  parameters  of  these  eight  combinations  are 
presented  in  Table  22.  The  2075°F/Lhour  SOO^F  salt  quench  was  applied  to  one  slice  of  Vendor  A -60  mesh 
material  to  investigate  a more  moderat"  quench  rate,  while  evaluation  of  the  2075°F/1  hour/OQ  solution 
treatment  on  a -200  mesh  slice  allowed  a comparison  of  this  heat  treatment  on  three  different  powder  mesh 
sizes  (-60,  -100,  -200).  The  2060‘’F/1  hour/OQ  was  evaluated  on  -60  mesh  Vendor  B material  to  determine  the 
mechanical  property  degradation  associated  with  a slightly  lower  solution  temperature.  If  acceptable,  this 
solution  treatment  would  reduce  any  tendency  for  quench  cracking  and  also  increase  the  margin  between  the 
7'  solvus  and  solution  temperatures. 

Complete  2-inch-thick  cylindrical  slices  were  cut,  heat  treated  to  each  of  the  eight  conditions,  and  sectioned 
to  provide  materia!  for  the  detailed  evaluation  of  low-cycle  fatigue  (LCF)  and,  in  two  cases,  tensile  specimens. 
Four  LCF  tests  were  selected  to  characterize  the  properties  of  As-HlP  material  relative  to  conventional  cast 
wrought  and  T700  P/M  HIP  + forge  hardware.  Important  test  parameters  are  described  on  page  90. 

These  four  tests  were  intended  to  provide  data  at  temperatures,  notch  conditions  and  stresses  typical  of  the 
actual  operating  environment  of  the  T700  engine.  Specimen  geometries  for  the  four  tests  a-e  shown  in  Figures 
23  through  26.  Specimen  locations  and  orientations  in  the  cylindrical  slices  are  identified  ii  Figure  27.  Since 
tensile  or  stress-rupture  data  had  not  been  previously  obtained  on  Vendor  A disk  63H  or  V-mdor  B disk  B-8, 
six  specimens  were  machined  in  the  axial  orientation  as  shown  in  Figure  27. 
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TABLE  22. 

HEAT-TREAT  CONDITIONS  SELECTED  FOR  DETAILED  EVALUATION  OF 
HOLLOW  CYLINDRICAL  SLICES 

Powder 

Vendor 

Disk 

Mesh  Size 

Solution  Treatment 

Aging  Treatment 

A 

6H 

- 60 

2100°F/1  hr/1000"F  Salt  Q 

1600°F/1  hr/AC  + 1200°F/24  hr/AC 

A 

21H 

-200 

2100°F/1  hr/1000°FSaltQ 

1600°F/1  hr/AC  + 1200°F/24  hr/AC 

A 

63H 

- 60 

2075“F/1  hr/500“FSaltO 

1600°F/1  hr/AC  + 1200°F/24  hr/AC 

A 

23H 

-200 

2075°F/1  hr/OQ 

1600“F/1  hr/AC  + 1200°F/24  hr/AC 

B 

A4A 

- 60 

2075°F/1  hr/OQ 

1500“F/4  hr/AC  + 1200°F/24  hr/AC 

B 

A4C 

- 60 

2075"F/1  hr/OQ 

1600°F/1  hr/AC  + 1200°F/24  hr/AC 

B 

C6D 

-100 

2075'’F/1  hr/OQ 

1600°F/1  hr/AC  + 1200“F/24  hr/AC 

B 

B8 

- 60 

2060°F/1  hr/OQ 

1600°F/1  h./AC  + 1200°F/24  hr/AC 

Temperature 

Test  Tyjie 

StresslRatio 

Notch  Severity 

Maximum  Alternate  Stress 

900“F 

PS/Nf* 

A=1 

Kt=1.0 

150  ksi 

i050°F 

PS/Nf 

A = 1 

CO 

If 

80  ksi 

1000“F 

Crack 

Propagation 

A=  1 

0.020  X 
0.060  in. 
crack 

100  ksi 

1200°F 

SPLCF** 

A=  1 

= 2.0 

72.5  ksi 

*PS  - Pseudo  Stress,  Nj-  - Number  of  Cycles  to  I’ailure. 

**SPLCF  - Sustained  Peak  Low-Cycle  Fatigue  which  is  an  LCF  test  with  a superimposed  hold  time.  An  actual 
test-cycle  is  10  seconds  to  load  to  peak  stress,  90  seconds  at  peak  stress  and  10  seconds  to  unload. 


Each  cylindrical  slice  was  examined  metallographically  after  the  heat  treatment  to  insure  that  the-, proper 
temperatures  had  been  attained.  The  results,  when.compared.to  previously  heat  treated  quarterisectionsTrom 
the  screening^tesL study,  indicated  that  all  had  beeii;processed  properly.  Typical  microstructures  are  presented 
in;Figure28. 


The  tensile;and‘stress  rupture  results  on  all  eightnreatments  e,\amined  in  the  detailed  evaluationiare;summar- 
izedrin  Table  23.  Each  data  point  represents  the  average: of-two  test  results.  The  overall  high  qualityjofithe  data 
is  exemplified  by  the  fact  that  only  three  of  the  eightyidata  points  determined  failed  to  meet  the  program  goal. 

Gomposite-lesl  results  of  the  detailed  evaluation  low-cycleTatigue  testing  are  given  in  Table  24.  All  data=wefe 
comparedsto  an  average  value  forTTOO  P/M  HIP+Torged  engine  hardware  to  provide  a basis  fopjudgmeht. 

ResultSiOf'the  900°F  LCF  testing  of  a smooth  bar  specimen;(Kj  = 1.0)  indicated  that  nearly  alLAsdilP 
materials  evaluated  exceeded  the  average  perforniance  ofiHlP  + forged  parts.  A graphical  representatioh.of  the 
data,  shown  in  Figure  29,  suggests  that  the  besLAs-HIP materials  are  approximately  1 a better  than  TV700  HIP 
+-forge:parts. 


Evaluation  of  1050“ F with  a notch  of  Kj  = 1 .85  indicated=that:the  two  best  As-HIP  results  were  equivalent  to 
HIP  + forged  average  curve,  suggesting  that  As-HIP  material  can  be  processed  by  several  methods  to  produce 
acceptable  1050“F  LCF  properties.  This  is  shown  graphically  in  Figure  30. 

The  1000“ F crack  propagation  testing  was  conduclediusing  a precracked  Kjj  specimen  (Figure  25).  Specimen 
preparation  consisted  of  electrical  discharge  machining  (EDM);a  0.01 0-inch*deep  by  0.040-incli-wideislot  in 
the  center-ofthe  gage  section.  The  specimen  was;then*faligue;prccracked  until  the  total  crack  lengtfcreached 
approximately  0.060  inch.  The  number  of  cycles  toTailure  of  the  specimen  is  intimately  assoeiatedtwith  the 
initiaLsize  ofithe  precracked  slot.  In  order  to  reduceUhe  effecLof  initial  crack  size  on  interpretatiomofiresults, 
the.cyclesito  failure  have  been  plotted  against  initial  crack  area  for  As-HIP,  HIP  + forged,  and  convehtional 
casf+ wroughLspecimens  in  Figure  3 1 . Since  insufficientidata  is  available  on  T700  HIP  + forged^parts  to  con- 
structia.cutve,  previous  cast  + wrought  results  were  iisedUo  provide  a basis  for  judgment  of  theAs-HIRniaterial. 
A?rectangle  enclosing  all  T700  HIP  + forged  data  was  also  constructed  for  comparative  purposes.  The,group  of 
As-HIP  data  fall  on  the  lower  portion  of  the  T700  HIP +jforged  results  and  about  1 ± 0.5  a below  thaftof  the 
cast-Hwrought  material. 
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Vendor  A -200  Mesh  Material  (21 H) 


b)  1650“F/4  hr  2100°F/1  hr/1000  Salt  Quench  + 1600’F/1  hr/AC  -i-  1200°F/24  hr/ AC 


Figure  28.  Typical  .Microstructures  of  Task  lA  Detailed  F.valuation  Hollow  Cylindrical 
Slices  After  Solution  and  Aging  Treatments  - (Sheet  1). 


A*  4 


100X  1000X 

Vendor  A -60  Mesh  Material  (63H) 

c)  1650°F/4  hr  ->  2075°  F/1  hr/500  Salt  Quench  + 1600°F/1  hr/AC  + 1200°r/24  hr/ AC 


100X  1000X 


I Vendor  A -200  Mesh  Material  (23H) 

i 

j d)  1 650°  F/4  hr  2075° F/1  hr/Oil  Quench  + 1 600° F/1  hr/AC  1 200° F/24  hr/AC 

i 


1 ■ 

Figure  28.  Typical  Microstructures  of  Task  lA  Detailed  Evaluation  Hollow  Cylindrical 
Slices  After  Solution  and  Aging  Treatments  - (Sheet  2). 
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100X  Vendor  B -60  Mesh  Material  (A4C)  1000X 

■ f)  1650”F/4  hr  -^2075'^F/I  hr/Oil  Quench  1600°F/1  hr/AC  + 1200°F/24  hr/AC 

i ' 

f 

I 

I ' Figure  28.  Typical  Microstructures  of  Task  iA  Detailed  Evaluation  Hollow  Cylindrical 

Slices  After  Solution  and  Aging  Treatments  - (Sheet  3). 
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100X  Vendor  B -60  Mesh  Material  (B8)  1000X 


h)  1650°F/4hr — ►2060" F/1  hr/Oil  Quench  + 1600° F/1  hr/AC  1 200" F/24  hr/AC 


Figure  28.  Typical  Microsturctures  of  Task  I A Detailed  Evaluation  Hollow  Cylindrical 
Slices  After  Solution  and  Aging  Treatments  - (Sheet  4). 
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TABLE  23.  TENSILE  AND  STRESS  RUPTURE  RESULTS  OF  MATERIAL  SELECTED 
FOR  DETAILED  EVALUATION 

1200°F/150  ksi 
Stress  Rupture 

— 

UJ  2.- 

5..3 

8.7 

4.2 

3.2 

o>  in  CO  ^ 

CN 

o 

CO 

Life 

(hr) 

130 

98 

105 

60 

87 

112 

123 

78 

c 

in 

Tensile  Properties 

Average  1200°F 

< ^ 
cc 

19 

14 
18 

15 

CO  00  o 0> 

t-  T-  CN 

o 

f— 

-1  ^ 
LU 

15 

10 

11 

12 

CO  ^ ^ ^ 

^ r—  ^ 

CO 

W ~ 
1 </) 

3^ 

225 

218 

224 

223 

229 

228 

231 

222 

207 

0.2%  YS 
(ksi) 

171 

168 

170 

174 

177 

173 

173 

168 

167 

Average  Room  Temp 

RA 

(%) 

17 

24 

17 

20 

■■ 

CM 

EL 

{%) 

m <D  ^ 

^ r—  t— 

^ in  ^ CN 

o 

UTS 

(ksi) 

244 

244 

232 

244 

244 

242 

242 

228 

230 

0.2%  YS 
(ksi) 

182 

181 

181 

185 

184 

182 

183 

178 

o 

00 

r— 

Mesh 

Size 

- 60 
-200 
- 60 
-200 

- 60 
- 60 
-100 
- 60 

1 

Disk 

V endor  A 
6H 

21H 

63H 

23H 

Vendor  B 
A4A 
A4C 
C6D 
B8 

Goal 

aflo^F  PS/Nj  lovh:ycle  fatigue  a = i = r.o 


300  r 
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ALTERNATING 
PSEUDO  STRESS  (KSI) 
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HIP  + FORGE 


0 
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•60  MESH  (6H) 

♦ 

VENDOR  A 

-200  MESH  (21 H) 

o 

VENDOR B 

'60  MESH  (A4A) 
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VENDORS 

-60  MESH  (A4C) 

• 

VENDORS 

•100  MESH  (C6D) 

□ 

VENDORS 

-60  MESH  (B8) 

A 

VENDOR  A 

-60  MESH  (63H) 

A 

VENDOR^A 

•200  MESH  (23H) 

K^^^AVE.-3a 


JL 


_L. 


-L. 


103 


2 4 

CYCLESTO  FAILURE 


8 10 


Figure  29.  Results  of  900°F  Low-Cycle  Fatigue  Testing-During  the  Detailed  Evaluation 
of  Hollow  Cylindrical  Slices  Gompai^dito  PMsHiP  + Fof^d  TZOO 
Hardware  Data 
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1050°F  S/Nf  LOW  CYCLE  FATIGUE  A * 1 = 1.85 


I 

: I 


i 

1 


ALTERNATING 

STRESS 

KSI 


0 

VENDOR  A 

•60  MESH  (6H) 

♦ 

VENDOR  A 

-200  MESH  (21 H) 

0 

VENDORS 

•60  MESH  (A4A) 

• 

VENDORS 

•60  MESH  (A4C) 

€ 

VENDORS 

•100  MESH  (C6D) 

0 

VENDORS 

•60  MESH  (S8) 

A 

VENDOR  A 

•60  MESH  (63H) 

2 4 

CYCLES  TO  FAILURE 


Figure  30.  Results  of  l OSO^FTiow-Cyclc  Fatigue  Testing  During  the  Detailed  Evaluation  of 
Hollow  CylindricaliSlices  Cornpared  to  PM  H1P  + Forged  T700  Hardware  Data. 


1000° F CRACK  PROPAGATION  100  KSI  MAX  STRESS 

A-1 


CAST  + WROUGHT 

AVERAGE 

AVE-2a 
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T700 

HIP  + FORGE 
RANGE 


1— ^-Q<J 
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VENDOR  A 

-60  MESH  (6H) 
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VENDORS 

•200  MESH  (21 H) 
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•60  MESH  (A4A) 
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-100  MESH  (C6D) 
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•60  MESH  (S8) 
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-60  MESH  (63H) 
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VENDOR  A 

^gO  MESH  (23H) 
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1 

0.5 

T.O 

INITIAL  CRACK  AREA,  IN.2  X 10^ 


Figure  3 1 . Results  of  1000°F  Crack  Propagation  Testing  During  the  Evaluation  of 
Hollow  Cylindrical  Slices  Compared  to  PM  HIP  Forged 
T700  Hardware  Data, 


99 


The  1200°F  SPLCF  test  was  considered  to  be  the  most  difficult  LCF  test  for  the  As-HlP  material.  The  combi- 
nation of  high  temperature,  high  stress,  fairly  severe  notch,  and  hold  time  between  cycles  makes  it  extremely 
difficult  for  fine  grained  materials,  such  as  the  eight  As-HIP  conditions  tested  in  the  detaded  evaluation,  to  per- 
form as  well  as  the  coarser  grained  cast  + wrought  or  T700  HIP  + forged  parts.  Again,  Fi  jure  ?2  indicates  Aat 
insufficient  data  was  available  for  definition  of  a HIP  + forged  curve.  Therefore,  the  cast  + wrought  data  was 
used  to  provide  a curve  with  the  indication  of  the  range  T700  HIP  + forged  results.  The  wide  range  of  HIP  + 
forge  data  indicates  the  substantial  scatter  encountered  in  the  SPLCF  test.  Results  on  As-HIP  material  were 
clouded  by  the  occurrence  of  many  thread  failures,  which  undoubtedly  reduced  the  cycles  to  failure.  Further 
investigation  into  this  problem  revealed  that  all  As-HIP  SPLCF  specimens  had  severe  notches  at  the  thread 
root.  These  notches,  which  had  K^=  5-6,  were  far  more  severe  than  those  measured  on.similarly  machined  HIP 
+ forged  specimens  (K,  si  3.S)  and  were  apparently  the  cause  of  the  premature  failures. 

In  spite  of  the  abundance  of  premature  failures,  several  As-HIP  materials  exhibited  excellent  SPLCF  properties. 
It  is  conceivable  that  elimination  of  the  thread  failure  problem  would  reveal  a number  of  specimens  which 
produce  acceptable  SPLCF  properties  in  As-HIP  Rene'  95. 

A tabular  listing  of  the  tensile,  stress-rupture,  and  LCF  properties  of  each  of  the  eight  detailedievaluation 
materials  compared  to  the  program  goals  and  average  T700  HIP  + forged  dataiis  presentedlin  Tables  25 
through  32.  Analysis  of  each  of  these  tables  indicated  that  the  best  combination  of  mechanical  properties  was 
produced  in  Vendor  A disk  6H.  It  would  appear  that  the  same  heat  treatment  on  Vendor-3  disfc(B5C)  yielded 
lower  mechanical  properties.  The  disk  B5C  however,  was  solution  treated  in  2075°F  saltbath  andUhen  trans- 
fered  to  a 1000°F  salt  quench  tank  as  opposed  to  that  of  Vendor  A (6H), which  was  solutiphianhealed  in=air. 
Ine  freezing  of  high  temperature  salt  around  the  Vendor  B disk  (B5C)  appears  to  be  respohsibjeTora  slower 
quench  rate  resulting  in  the  lower  properties.  Note  that  the  designated  heat  treatment  depends  omthe  y'  solvus 
temperature  of  the  individual  powder  blend.  This  variable  solution  treatment  temperatureiwas  specified  to 
allow  for  heat-to-heat  variations  in  y'  solvus  temperatures  such  as  the  20®F  difference  noted  between  Vendor 
A (2135°F)  and  Vendor  B (21  IS^F)  Task  I powder  blends.  These  parameters  provide  theibasic  framework  for 
achievement  of  mechanical  properties  in  As-HIP  T700  hardware  that  fulfill  the  program  goal  requirements. 

In  conclusion,  the  results  of.Task  lA  revealed  that  an  optimum  combination  of  compaction  and  heat  treat- 
ment parameters  yielded  desired  mechanical  properties  and  microstructure  in  Hot  Isostatically-pressed  Rene' 
95  billets.  The  finer  mesh  size  powder  offers  no  advantage  over  the  -60  mesh  powder,whichioffers  ease  in 
handling.  It  confirmed  15  ksi  and  2050°F  to  be  the  suitable  HIP  parameter^  The  2000°iF  solution  tempera- 
ture  used  in  the  heat  treatment  of  forgings  appears  to  be  low  for  HIP  compacts  and  hi^er  splutiotiUempera- 
ture  (but  below  the  y'  solvus  to  avoid  grain  growth  and  low  tensile  properties)  wlth  increawdiry'  in  solution  is 
desirable.  The  goal  of  future  work  would  be  to  achieve  similar  properties  in  the  compacts  with  actual  hardware 
configuration. 
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Figure  32.  Results  of;  1200°F  Sustained?jReak  Low-Cycle  Fatigue  Testing 
During  the  Detailed  Ev^uation  of  Hollow  Cylindrical  Slices 
Compared  to  PMiHIP  +*Forged  T700  Hardware  Data. 
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! TABLE  25.  COMPOSITE  DATA  FROM  DETAILED  EVALUATION  OF  HOLLOW 
CYLINDRICAL  SLICE 


Task  I A Results  Powder  Mesh  Size/Heat  Treatment  Parameters 


Powder  Vendor A.  (6H) 

Powder  Mesh  Size -60 

Heat  Treatrnent........".’  2100°F/1  hr/1000°F  Salt  Q + 1600°F/1  hr/AC  + 1200°F/24  hr/AC 


Tensile  Properties 


Stress-Rupture  Properties 


Life  (hr) 

EL(%) 

RA  (%) 

155.8 

4.9 

6.5 

104.5 

5.8 

8.3 

Goal 

50 

3.0 

Low-Gycle  Fatigue  Properties 


LCF  V 

SPLCF 

Crack  Propagation 

900°  F 

f050°F 

1200°F 

1000°F 

p 

II 

<-> 

Kt=1.85 

Kt  = 2.0 

0.021  X 0.059  in.  Crack 

As-NIP 

10044 

3919 

1111,884* 

6383 

HIP-  Forge 

4500 

4000 

900 

7900 

Thread  Failure 


TABLE  26.  COMPOSITE  DATA  FROM  DETAILED  EVALUATION  OF  HOLLOW 
CYLINDRICAL  SLICE 


Powder  Vendor A (21H) 

Powder  Mesh  Size 200 

Heat  Treatment 2100°F/1  hr/1000°F  Salt  Q+1600°F/1  hr/AC  + 1200° F/24  hr/AC 


Tensile  Properties 


[ Room  Temp 

1200F 

0.2  YS 
(ksi) 

UTS 

.(ksi) 

EL 

(%) 

RA 

(%) 

wmm 

EL 

(%) 

RA 

(%) 

m 

mma 

mSm 

m 

M 

Hi 

BBB 

1 T.5 
9.1 

18.4 

9.6 

Goal 

180 

230 

10 

12 

E9I 

8 

10 

Thread  Failure 


Thread  Failure 


TABLE  28.  COMPOSITE  DATA  FROM  DETAILED  EVALUATION  OF 
HOLLOW  CYLINDRICAL  SLICE 


Powder  Vendor A (23H) 

Powder  Mesh  Size  -200 

Heat  Treatment  207S“F/1  hr/OQ+  1600°F/1  hr/AC  + 1200°F/24  hr/AC 


Tensile  Properties 


Room  Temp 

120 

OF 

0.2  YS 
(ksi) 

UTS 

(ksi) 

EL 

(%) 

RA 

(%) 

0.2  YS 
(ksi) 

UTS 

(ksi) 

EL 

(%) 

RA 

(%) 

184.6 

186.5 

EBl 

m 

26.3 

16.4 

«• 

174.3 

223.6 

222.1 

n 

1 

14.0 

16.0 

Goal 

180 

230 

10 

12 

167 

2b7 

8 

10 

Stress-Rupture  Properties 


Life  (hr) 

EL(%) 

RA  (%) 

38.5 

2.4 

7.7 

C2.8 

4.0 

11.8 

Goal 

50 

3.0 

— 

Low-Cycle  Fatigue  Properties 


LCK 

SPLCF 

Crack  Propagation 

900°  F 
K^=  1.0 

1C^°F 
Kt=  1.85 

1200°F 
Kt  - 2.0 

1000°F 

0.022  X 0.063  in.  Crack 

As-HIP 

■H 

671  •,276* 

5361 

HIP  + Forge 

- 

800 

7400 

’Thread  Failure 

**No  Data  Extensomater  Slipped 
••’T/C  Weld  Failure 


TABLE  29.  COMPOSITE  DATA  FROM  DETAILED  EVALUATION  OF 
HOLLOW  CYLINDRICAL  SLICE 


Powder  Vendor B (A4A) 

Powder  Mnsh  Size —60 

Heat  Treatment 2075'’F/1  hr/OQ+  1500°F/4  hr/AC  + 1200°F/24  hr/AC 


Tensile  Properties 


Room  Temp  ; 

; 1200°F 

0.2  YS 
(ksi) 

UTS 

(ksi) 

EL 

(%) 

RA^ 

w. ; 

0.2  YS 
(ksi) 

UTS 

(ksi) 

EL 

(%) 

RA 

(%) 

184.6 

183.3 

242.6 

245.5 

12.2 

16.1 

16.5  ^ 
26;8 

. 178;7 
175V1 

230.0 

228.7 

14.4 

11.9 

17.7 

19.0 

Goal 

180 

230 

10 

12  : 

167 

207 

8 

10 

1 Stress- 

^upturePropcrties 

Life  (hr) 

EM%)^ 

R A (%) 

66.9 

107.7 

3;0 

in 

7.0 

7.0 

Goal 

50 

3,0 

- 

Low-CyclesFatiguesProperties 


LCF 

V SPLCF 

Crack  Propagation 

900°  F 
K^=  1.0 

1050°F  : 

Kt=L85 

1200°F 
K^  = 2.0 

1000°F 

0.023  X 0.059  in.  Crack 

As-HIP 

7000*+ 

2909 

1081**, 485" 

7042 

HIP  + Forge 

4500 

4000 

900 

7600 

‘Inadvertantly  Tested  53,000  Cycles  at  a Low  Stress  Prior  to  Actual  Test 
"Thread  Failure 


TABLE  30.  COMPOSITE  DATA  FROM  DETAILED  EVALUATION  OF 
HOLLOW  CYLINDRICAL  SLICE 


Powder  Vendor B (A4C) 

Powder  Mesh  Size -60 

Heat  Treatment 2075°F/1  hr/OQ  + 1600°F/1  hr/AC  + 1200°F/24  hr/AC 


Tensile  Properties 


Room  Temp 

1200°F 

0.2  YS 
(ksi) 

UTS 

(ksi) 

EL 

m 

RA 

(%) 

0.2  YS 
(ksi) 

UTS 

(ksi) 

EL 

(%): 

RA 

(%) 

183.3 

180.3 

242.6 

241.6 

16:5 
14;8  1 

20.4 

15.2 

173.0 

173.3 

228.1 

228.7 

15:2 

13M 

16.5 

20.1 

Goal 

180 

230 

:10 

12 

167 

207 

8 

10 

Stress- Rupture  Properties 


Life  (hr) 

EL  (%) 

RA  (%) 

108.6 

4.7 

7.0 

116.9 

4.2 

7.0 

Goal 

50 

3.0 

- 

Low-Cycle  Fatigue  Properties 


; ; 

LCF 

SPLCF 

GrackTropagation 

900^  F 

1050'’ F 

1200‘’F 

1000'’F 

= 1.0 

K^=1.85 

Kt  = 2.0 

0.022  X 0.059  in.  Crack 

As-HIP 

3885 

3132 

1698*,  395 

6720 

HIP  + Forge 

4500 

4000 

900 

7850 

‘Thread  Failure 
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TABLE  3 1 . COMPOSITE  DATA  FROM  DETAILED  EVALUATION  OF 
HOLLOW  CYLINDRICAL  SLICE 


Powder  Vendor  

....  8 IC6D) 

Powder  Merh  Size 

-100 

Heat  Treatment 

2075°F/1  hr/OQ  + 1600°F/1  hr/AC  + 1200°F/24  hr/AC 

Tensile  Properties 

Room  Temp 


1200pF 


— 

3.4 

f. 

18.1 

4.5 

19.0 

Stress-Rupture  Properties 


EL  {%)  RA  (%) 


As-HIP 
HIP  + Forge 


Low-Cycle  Fatigue  Properties 


900°  F 
K^=  1,0 


628 

500 


1050°F 
Kt*  1.85 


SPLCF  Crack  Propagation 


1200°F  1000°F 

Kt  = 2.0  0.024  X 0.062  in.  Crack 


689M58* 

900  I 7100 


‘Thread  Failure 


J08 


TABLE  32.  COMPOSITE  DATA  FROM  DETAILED  EVALUATION  OF 
HOLLOW  CYLINDRICAL  SLICE 


Powder  Vendor 
Powder  Mesh  Size 
Meet  Treatment 


B(B8) 

-60 

2060°  F/1  hr/OQ  + 1600°F/1  hr/AC  + 1200°F/24  hr/AC 


Tensile  Properties 


Room  Temp 

12D 

D®F 

0.2  YS 

UTS 

EL 

RA 

0.2  YS 

UTS 

EL 

RA 

(ksi) 

(ksi) 

{%) 

(%) 

(ksi) 

(ksi) 

(%) 

(%) 

179.1 

218.1 

8.6 

15.0 

166.4 

222 

131 

19.7 

176.4 

238.7 

22.4 

169.4 

221.5 

E9 

17.8 

Goal 

180 

230 

10 

12 

167 

207 

8 

10 

Stress- R u ptu re  Properties 


Life  (hr) 

EL(%) 

RA  (%) 

88.6 

4.6 

15.4 

68.7 

4.1 

12.6 

Goal 

50 

3.0 

- 

LCF 

900°  F 

Kt-  1.0 

As-HIP 

HiP-»-Forge 

6694 

4500 

Low-Cycle  Fatigue  Properties 


SPLCF 


Crack  ^Propagation 


1050°F 

1.85 


1200°F 

K^  = 2.0 


1000°F 

0.023  X 0.061  in.  Crack 


287*, 327* 
900 


Thread  Failure 


2222 

4000 


6892 

7400 


TASK  IB  - SHAPE  DEFINITION 


The  primary  objective  of  Task  IB  was  to  define  the  processing  parameters  required  to  produce  a turbine  disk 
shape.  This  shape,  shown  in  Figure  33,  was  designed  to  permit  either  a Stage  1 or  2 disk  to  be  machined  after 
ultrasonic  insp*ection.  The  square  cornered,  paralleKsided  design  can  be  inspected  using  current  ultrasonic 
technology,  and  represents  approximately  50  percent  reduction  to  input  weight  relative  to  current  shape. 

Task  IB  was  divided  into  three  iterations  by  each  vendor  in  order  to  incorporate  experience  gained  in  initial 
trials  into  defined  container  designs.  Although  both  vendors  used  -60  mesh  powder  in  the  majority  of  their 
trials,  some  finer  me.sh  size  disks  were  fabricated  to  determine  the  effect  of  mesh  size  on  shape  definition  and 
handling  procedures.  Since  each  vendor  employed  different  techniques,  their  progress  will  be  reported  in 
separate  sections. 

A.  Vendor  A 

The  first  disk, shown  in  Figure  34,  was  fabricated  using  -60  mesh  powder  consolidated  at  2000°F  and  15,000 
psi.  After  compaction,  the  mold  was  removed  by  machining  and  the  part  was  heat  treated  using  a modified 
Rene'  05  treatment.  Following  the  partial  solution  treatment  of2000°F/l*  hour,  the  disk  was  quenched  into 
900°F  salt  rather  than  the  room  temperature  oil  normally  used.  This  relatively  slow  quench  was  employed  to 
reduce  the  possibility  of  quench  cracking.  The  standard  1400° F/ 16  hours/ AC  final  age  was  then  applied  after 
tlie  salt  quench. 

Mechanical  properties,  including  tensile,  stress  rupture  and  sustained  peak  low-cycle  fatigue  tests,  are  com- 
pared with  the  program  goals  in  Table  33,  The  results  are  surprisingly  good  in  spite  of  the  slow  salt  quench 
after  partial  solutioning.  Analysis  of  the  shape  before  and  after  compaction  provided  direction  for  design  of 
the  second  iteration  disks. 

Two  container  materials  were  examined  in  the  second  and  third  ite.ations:  metal  containers  shaped  by  the 
shear  spin  forming  technique,  and  ceramic  containers  prepared  using  wax  molds.  Five  disks  were  prepared  for 
the  secondtteraiicn.  A description  of  the  variables  examined  in  each  disk  is  presented  in  Table  34,  while  the 
target  shape  forboth  the  second  and  third  iterations  is  shown  in  Figure  33. 

A typical  ceramic  sheil  mold  used  to  fabricate  seconddteration  disks  is  shown  in  Figure  35.  The  two  compacts 
prepared  using  ceiamic  molds  are  shown  after  consolidation  in  Figure  36.  Figures  37  and  38  illustrate  the 
shape  oCeach  compact  h'-fore  and  after  consolidation  relative  to  the  target  sonic  shape.  The  concave  shape  of 
the  bottom  surface  ofeach  disk  is  probably  due  to  mold  cracking  under  the  weight  of  the  powder.  Subsequent 
compaction  studies  showed  that  this  effect  can  be  redurjd  and  controlled  by  a modified  mold  design  and 
application  vf  more  prudent  handling  techniques  prior  to  consolidation.  Mold  reaction  depth  was  also  a con- 
cern with  theceramic  containers.  The  reaction  layenresulting  from  ceramic  mold/metal  powder  interaction 
was  determined  to  be  0.002  Inch  thick  on  the  second  iteration  disks.  This  is  a critical  measurement,  since  pro- 
duction of  a thiclc  reaction  layer  would  limit  the  near  net  shape  making  potential  of  ceramic  molds.  The  very 
thin  layer  indicates  that  the  mold  reaction  will  not  limit  the  shape-making  capability  of  the  current  ceramic 
mold  material  for  thcT700  ^plications.  These  second  iteration  results  were  subsequently  incorporated  in  the 
thirddteration  ceramic  mold^configuration. 

Spun  metal  containers  were  prepared  from  Type  32T  stainless  steel  and  Inconel  601  for  the  second  iteration. 

A typical  stainless  steel  can.prior  to  assembly  is  shown  in  Figure  39.  Compacts  B1 12,  B1 13,  and  B1 14  are 
shown  after  consolidation  in  Figure  40,  while  Figure  41  shows  compacts  B1 13  and  B1 14  after  the  container 
was  removed.  The  shape  definition  of  compacts:BH3  and  B1J4  relative  to  the  target  sonic  is  illustrated  in 


no 


j Figure  34,  First  Iteration  Disks  of  Vendor  A. 
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Figuie  35.  Tlask  IB  Ceramic  ShelFMold  - Vendor  A. 
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Figure  39.  Task  IB  Spu.-?  Stainless  Steel  Can  Halves  - Vendor  A. 
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Figure  40.  Task  IB  Second  Iteration  Shapes  Compacted  in  Spun  Metal  Cans  - From  Left 
to  Right  B1 13,  BI 12,  B1 14  - Vendor  A. 
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Figures  42  and  43.  Shape  control  appears  to  be  predictable  and  reproducible.  Dimensional  analyses  of  these 
disks  were  used  to  design  container  shapes  for  the  third  iteration. 

Several  of  the  second  iteration  disks  were  heat  treated  to  determine  the  ability  of  the  turbine  disk  shape  to 
withstand  quench  cracking.  Disk  B1 14  containing  -60  mesh  powder  was  heat  treated  at  2100°F/1  hour/OQ 
before  the  mild  steel  container  material  was  removed.  After  the  disk  was  machined  to  an  approximate  ultra- 
sonic inspection  shape,  visual  and  die  penetrant  inspections  were  performed.  No  quench  cracking  was  detected. 
The  321  stainless  steel  container  was  mechanically  removed  from  Disk  B1 13  (containing  -200  mesh  powder), 
and  a 2100^F/1  hour/oil  quench  heat  treatment  was  applied  to  the  disk  to  determine  if  the  as-declad  surface 
was  sufficiently  smooth  to  tolerate  oil  quenching  from  a hi^  solution  treating  temperature.  Visual  inspection 
after  treatment  indicated  that  no  cracking  occurred  during  oil  quenching. 

The  third  iteration  disks  were  fabricated  using  both  ceramic  and  spun-steel  containers  designed  on  the  basis  of 
the  second  iteration  dimensional  analyses.  A description  of  the  third  iteration  shape  compaction  trial  is  pre- 
sented in  Table  35. 

Dimensional  analysis  of  Compact  SM-193,  shown  in  Figure  44,  indicates  that  the  third  iteration  ceramic  mold 
shape  produced  an  exceptionally  uniform  envelope  around  the  target  sonic.  These  results  indicate  that  the 
third  iteration  ceramic  mold  design  is  adequate  to  produce  the  required  ultrasonic  target  shape.  Only  minor 
adjustments  would  he  necessary  to  re'duce  the  envelope  around  the  target  sonic  to  1/8  inch  or  less  if  desired. 

Dimensional  analyses  of  -60  and  -200  mesh  compacts  prepared  using  mild  steel  containers  ue  presented  in 
Figures  45  and  46.  Both  shapes  conform  rather  closely  to  the  target  sonic  and  could  b>'  fabricated  into  turbine 
hardware. 

Although  it  is  slightly  larger  than  the  -200  mesh,  the  -60  mesh  shape  is  more  reproducible  due  to  the  superior 
flow  characteristics  of  the  coarser  powder.  Only  very  slight  modifications  of  Compact  B-148  container  design 
would  be  required  to  reduce  the  envelope  around  the  target  sonic  to  approximately  1/8  inch  or  less. 

B.  Vendor  B 

Vendor  B also  employed  the  shear.s?inning  method  of  metal  container  fabrication  to  produce  three  iterations 
ofturbine  disk  shapes.  All  of  their  trial  disks  were  consolidated  by  a different  source  than  Vendor  A. 

Their  first  iteration  consisted  of  two  disks,  one  fabricated  from  -60  mesh  powder  and  one  from  -ICO  mesh 
powder,  consolidated  at  2100°F  and  15,000  psi  to  the  trial  shape  shown  in  Figure  47.  These  two  trial  disks 
were  subsequently  heat  treated  using  the  standard  Rene'  95  heat  treatment.*  This  was  a severe  test  of  the  as- 
compacted  surface  finishes,  since  no  preheat  treat  machining  was  performed  on  either  disk  prior  to  heat 
treatment.  The  disk  containing  -60  mesh  powder,  which  had  a rough  surface  relative  to  the  disk  containing 
-100  mesh  powder,  cracked  during  oil  quenching.  The  -100  mesh  powder  disk  [shown  after  compaction  in  the 
container  (Figure  48)  and  after  the  removal  of  the  container  (Figure  49)]  did  not  crack  during  the  heat 
treatment. 

Dimensional  analyses  of  these  first  trial  disks  were  incorporated  into  a new  mandrel  design  to  shear  spin  the 
containers  for  the  second  iteration.  Five  disks,  described  in  Table  36,  were  consolidated  at  2050°F  and  15  ksi. 
The  target  shape  for  these  disks  was  identical  to  that  used  by  Vendor  A (Figure  33).  Tabulation  of  critical 
dimensions  for  -60  mesh  compact  2 and  -100  mesh  compacts  3 and  4 is  presented  in  Table  37.  Relatively  uni- 
form shrinkage  occurred  throughout  the  disks,  with  the  maximum  variation  within  any  compact  being  ± 0.7 
percent. 

*200o“F/1  hour/OQ  +1400°F/16  hours/AC 
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Second  Iteration  Shape  B1 14  Before  and  After  Compaction 
at  -60  Mesh  in  a Spun  Metal  Mold'*  — Vendor  A. 


TABLE  34.  DESCRIPTION  OF  TASK  IB  SECOND 
ITER.ATION  SHAPE  COMPACTION 
TRIALS  - VENDOR  A 


Compact 

Code 

Mold 

Material 

Powder 

Code 

Mesh 

Size 

B112 

321  S.S. 

MB009 

- 60 

B113 

321  S.S. 

MB010 

-200 

B114 

Inconel  601 

MB009 

- 60 

SM-172 

S1O2 

MB009 

- 60 

SM-173 

SI02 

MB010 

-200 

TABLE  35.  DESCRIPTION  OF  TASK  IB  THIRD 
ITERATION  SHAPE  COMPACTION 
TRIALS  - VENDOR  A 


Compact 

Code 

Mold 

Material 

Powder 

Code 

Mesh 

Size 

B148 

AISI  1020  Steel 

MB011 

- 60 

B142 

AISI1 020  Steel 

MB010 

-200 

SM189 

SI02 

MB009 

-60 

SM190 

S1O2 

MB010 

-200 

SMI  93 

Si02 

MB011 

-60 

I 


i 
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igure44.  Task  IB  Third  Iteration  Shape  (SMI  93)  Ceramic  Shell  Mold, -60  Mesh  Rene'  95  Powder  Vendor  A. 


Iteration  Shape  (B148)  Spun  Metal  Mold,  -60  Mesh  Rene'  95  Powder  Vendor  A. 


Figure  46.  Task  IB  Third  Iteration  Shape  (B142)  Spun  Metal  Mold,  -200  Mesh  Rene'  95  Powder  Vendor  A, 
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Isostatic  Pressing  2 I00°F/15  ksi/2  hr  — Vendor  B. 


TABtE  37.  DIMENSIONAL  ANALYSIS  OF  TASK  IB  SECOND  ITERATION 

COMPACTS  BEFORE  AND  AFTER  CONSOLIDATION  - VENDOR  B 


Dimention 


A 

B 

C 

D 

E 

F 

G 

H 

I 


CompKt  2 
- 60  M#ih 


B«for«:  Afttr  % Shrink 


1.824 

3.377 

3.4IM 

7.153 

4;446 

2.385 

7.153 

4.446 

2.385 


1.614 

2.964 

2.203 

6.320 

3.956 

2.100 

6.349 

3.962 

2.113 


11.5 

13.2 
11.7 

11.6 

11.0 

11.9 

11.2 

10.9 
'1.4 


Compict  3 
-100  Mnh 


Before  I After  "^Shrink 


1.804 

3.361 

2.465 

7.153 

4.446 

2.365 
7.153 
4.446 

3.366 


1.591 

3.963 

3.190 

6.313 

3.931 

2.090 

6371 

3.948 

3.106 


11.8 

17.1 
11.8 
11.7 

11.5 
12.3 

11.6 

11.2 
11.6 


Compict  4 
-100  Meth 


Before  I After  I % Shrink 


1.831 

3.389 

2.502 

7.163 
4:446 

2.385 

7.163 
4.446 

3.385 


1.617 

2.980 

2.230 

6.333 

3.954 

2.107 

6.332 

3.950 

2.106 


11.6 

11.9 

11.2 

11.6 

11.0 

11.6 

11.6 

11.1 

11.7 
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Dimensional  reproducibility  between  compacts  3 and  4 was  excellent  considering  the  embryonic  stage  of  the 
shi^e-making  technology.  A comparison  of  the  second  iteration  shape  and  the  target  sonic  configuration, 
shown  in  Figure  50,  indicated  that  only  minor  modification  of  the  second  iteration  shape  would  be  necessary 
in  the  third  iteration.  A typical  second  iteration  disk  is  shown  in  Figure  51  after  the  steel  container  was 
pickled  off. 

All  the  second  iteration  disks  were  heat  treated,  some  after  the  container  was  removed,  to  determine  their 
susceptability  to  quench  cracking.  Die  penetrant,  macro-etching,  and  zyglo  inspection  of  compacts  2, 3, 4 and 
5 indicated  that  no  cracking  occurred  during  the  heat  treatment.  Some  cracking  was  detected  at  the  outside 
diameter  of  disks  2 and  5:  apparently  at  the  fill  tube/disk  junction.  This  cracking  was  probably  present  prior 
to  heat  treatment,  although  oil  quenching  from  the  solution  temperature  undoubtedly  magnified  its  severity. 
Steps  were  taken  in  the  third  iteration  to  eliminate  this  problem.  Dimensional  analyses  of  the  second  iteration 
compacts  provided  the  basis  for  design  of  the  third  iteration  trials.  A description  of  the  third  iteration 
compacts  is  given  in  Table  38. 

Results  of  the  dimensional  analysis  of  all  third  iteration  disks  are  presented  in  Table  39  and  Figure  52.  Dimen- 
sions  were  determined  with  the  mUd  steel  containers  intact.  The  required  target  sonic  dimensions  were 
adjusted  by  0.120  inch  to  compensateTof4he  container  thickness.  The  data  indicates  a number  of  dimensions 
outside  the  required  range  imcompact$:C2r6,  C217,  C218,|C219,  and  C220.  However,  v^en  disk  C220  was 
sectioned  and  actuai  core  measurementsiwere  taken,  a variation  in  container  thickness  was  discovered  which 
makes  all  the  measurements  in  Tablcr39  conservative.  Comparison  of  the  target  sonic  shap<*  with  disk!C220 
cross-section,  shown  in  Figure;53,  suggests  thatuhe  required  shape  could  be  machined  from  all  disks  except 
C216  in  spite  of  the  seemingly  di$crepaht;d|men$ion$  reported  in  Tabie  39. 

An  improved  container  fiiling  technique-was  also  examined  in  the  third  iteration  in  an  attempt  to  improve 
reproducibility  and  accuracy.  Disks  328,.330,  332  and  333  were  prepared  using  this  modified  procedure. 
Although  results  reported  in  Table  39  may  notraccurately  reflect  core  dimensions  (in  view  of  the  noted  varia- 
tion in  container  thickness),  they‘do;indicate  the  improved  dimensional  reproducibility  achieved  in  disks 
C328-C333  relative  to  that  obtainedlin  disks  C216-C220.  The  container  design  and  modified  container  filing 
procedure  used  to  produce  disks  C328-G333  will  be  employed  to  fabricate  disks  for  evaluation  in  Tasks  II 
and  HI. 

Figures  44, 45, 46  and  53,  indicate  thatiboth  vendors  have  successfully  developed  shape-making  processes 
for  fabricating  T700  turbine  disks.  Vendor  A utilized  ceramic  and  spun  metal  container  materials  in  their 
processes,  while  Vendor  B employedionlyapun  metal  containers.  Both  powder  vendors  have  demonstrated 
their  ability  to  accurately  produce  the  desired  turbine  disk  ultrasonic  shape  during  Task  IB. 

In  conclusion,  a successful  shape-making  technology  with  adequate  reproducibility  and  accuracy  was 
developed  by  both  vendors  in  TaskUB  for^mpre  than  one  container  material  and  powder  mesh  size.  It  is  note- 
worthy that  at  least  one  material  (steel):could  be  fabricated  at  reasonable  cost  for  disk  shape.  The  complexity 
of  part  shape  will,  however,  determineUheTuture  cost  effectiveness  of  the  other  material.  A manufacturing 
cost  analysis  also  concluded  that  the  cooling  plates  should  be  machined  from  hollow  cylindrical  compacts 
similar  to  those  produced  in  Task  I A. 
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Figure  50.  Target  Sonic  Shape  and  Task  IB  Second  .Iteration  Shape  - Vendor  B. 


•e  51.  Task  IB  Second  Iteration  Shape  Disk  After  Pickling  Off  the  Steel  Container  - Vendor  B 
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Figure  53.  Comparison  of  TargefcSonic  Shape  with  Macroetcheci  Section  ofTask  IB 
Third  Iteration  DiskjC220  — Vendor  B. 
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TASK  IC  - COMPLETE  PROCESS  DEFINITION 


The  complete  process  definition  emerging  from  the  successful  completion  of  Task  lA  and  Task  IB  consists  of 
manufacturing  processing  parameters,  a preliminary  quality  plan,  and  the  Value  Engineering  Analysis  as 
follows: 

PROCESSING  PARAMETERS 

Important  processing  parameters  selected  for  hot  isostatic;pressing  and  post-compaction  treatment  of  Rene' 

05  are  given  in  Table  40.  The  best  combination  of  tensile  and  fatigue  properties  in  Task  lA  was  achieved  with 
these  variables.  The  suitable  configurations  for  the  shape-making  technology  resulting  from  the  trials  of  Task 
IB  are  shown  in  Figures  44  through  46.  A process  specification,  CS0TF64,  entitled  “Premium  Quality  Powder 
Metallurgy  Rene'  95  Alloy  As-HlP  Parts”  incorporating  these  and  other  detailed  processing  requirements  is 
presented  in  Appendix  I.  Two  additional  process  specifications  P1TF47  “Manufacture  of  Rene' 95  Alloy 
powder”  and  P7TF5  “Containerization  and  Hot  Isostatic  Pressing  (HIP)  of  Rene'  95  Alloy  powder”  have 
also  been  issued  which  cover  the  powder  production  arid  compaction  requirements.  These  specifications  are 
also  included  in  Appendix  1. 

PRELIMINARY  QUALITY  PLAN 

The  quality  plan  is  the  overall  strategic  program  integratingithe  activities  ofthe  vendors  and  General  Electric 
Manufacturing,  Engineering,  Quality  and  Shop  Operationifunctions  to  insure  that  the  customer  requirements 
arc  met  consistently  and  economically.  While  the'standardiquaHty  system  usually  generates  such  plans,  the 
unique  nature  of  this  development  program  requiredThatsattention  be  given  to  additional  considerations  for 
Tasks  II  and  ill  hardware,  which  was  to  be  incorporateddnto  the  system  during  transition  to  production.  The 
preliminary  quality  plan  consisted  of  a specified  planToriprocess  control  and  product  acceptance.  The  pre- 
liminary process  specification,  C50TF64'(Appendix  J), Jsiused  as  a vehicle  to  define  important  quality  control 
requirements. 

The  process  control  plan  consisted  of  a surveillance  program  in  accordance  with  General  Electric’s  policy  to 
periodically  monitor  vendors’  conformance  to  established.processing  parameters  and  significant  manufacturing 
procedures.  The  program  personnel,  and-subsequentlyTield/quality  assurance  personnel,  conducted  this  moni- 
toring to  determine  compliance  by  the  vendors  to  specifications  noted  in  Appendix  II  (Process  Control  Plan), 
including  vendor  internal  specifications,  which  may»bejproprietary4n  nature.  After  the  successful  evaluation 
and  approval  for  the  transition  to  production,  the  GeneraHElectric  Source  Substantiation  System  defined  and 
“froze”  the  details  of  significant  operations  not  to  be  changed  without  prior  General  Electric  approval. 

Tlie  preliminary  product  acceptance  plan  consisted  of  inspection  or  testing  of  the  characteristics  in  Appendix 
III  (Product  Acceptance  Plan).  These  characteristics  werewerified  for  each  compact  except  the  mechanical 
property  evaluation,  which  consisted  ofa  cut-up  oftohe  compact/master  powder  blend/HlP  lot/heat  treat  lot. 

Following  transition  to  production,  the  frequency  ofsinspection  for  some  characteristics  may  be  reduced. 
After  the  hot  isostatically  pressed  parts  are  acceptedipentheiproduct  acceptance  plan,  further  processing  such 
as  machining  will  be  similar  to  the  current  method  using  existing  quality  plans  for  T700  turbine  hardware. 
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VALUE  ENGINEERING  ANALYSIS 


The  current  projected  production  materia!  cost  estimates  for  the  As-HIP  hardware  for  the  T700  engine  are 
listed  in  Table  41.  All  the  costs  are  in  1976  dollars.  The  raw  material  weight  refers  to  configuration  ready  for 
ultrasonic  inspection.  The  cooling  plate  costs  assume  that  the, parts  are  made  in  long  cylinders  to  be  sliced  for 
individual  components.  The  comparable  cost  of  one  set  of  hardware  (2  disks  and  4 cooling  plates)  made  by 
the  current  HIP  + forge  process  is  estimated  to  be  $7,075.  Thus  a raw  material  cost  savings  of  $4, 064/engine 
is  projected  using  the  As-HlP  manufacturing  process  for  the  T700  turbine  hardware. 


TABLE  40.  SELECTED  PROCESSING  PARAMETERS 


1.  Power  Mesh  Size  _ 

-60 

2.  Container  Materials  — 

Steel  or  Ceramic 

3.  HIP  Temperature  — 

20S0®F 

4.  HIP  Pressure  — 

15ksi 

5.  HIPTime  - 

2 hr  Minimum 

6.  Heat  Treatment  — 

Tj  30°FV1  hr/IOOO^F  Salt 
Quench+1600°F/1  hr/AC + 
1 200® F/24  hr/AC 

‘Sblution  temperature  based  on  gamma  prime  temperature 

of  particular  powder  blend  • 

individually  determined 

solutionitemperature.should  be  30°F  below  the  gamma 

prime-solvus  temperature. 

TABLE  41.  PROJECTED  PRODUCTION  ESTIMATES 


Raw  Material  Weight  (lbs) 


Disks 
Stage  1 
Stage  2 


CoolingPlates 

Stage  1 Forward 

8.8 

Stage  1 Rear 

9.5 

Stage  2 Forward 

5.7 

Stage  2 Rear 

8.8 
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TASK  II  - FABRICATION  AND  EVALUATION  OF  LAB  TEST  SPECIMEN 


The  objective  of  Task  II  was  to  conduct  a detailed  mechanical  property  investigation  of  turbine  disk  and 
cooling  plate  configurations  fabricated  using  the  processing  parameters  defined  in  Task  I.  In  addition,  spin 
burst  testing  of  four  turbine  disk  shapes  was  completed  and  the  results  were  compared  to  predicted  values.  A flow 
chart  of  the  work  conducted  in  Task  II  appears  in  Figure  54. 

Material  for  Task  II  was  supplied  by  both  vendors  using  the  techniques  developed  in  Task  I.  All  mechanical 
testing  was  performed  by  General  Electric  Company  or  their  testing  vendor.  Spin  pit  testing  was  conducted  in 
General  Electric’s  facilities. 

Following  completion  of  Task  I,  disks  and  cooling  plates  for  Task  II  were  fabricated  by  both  vendors  accord- 
ing to  parameters  in  Table  40.  All  the  Task  II  hardware  was  heat  treated  at  Vendor  A in  the  same  facilities 
used  to  treat  their  Task  I material.  This  decision  was  made  because  Vendor  B did  not  have  facilities  to  quen;h 
into  1000°F  salt.  Tlierefore,  in  order  to  maintain  the  program  schedule  and  to  minimize  heat  treat  variatio  is, 
both  vendors  agreed  to  heat  treat  all  Task  II  materiahat  Vendor  A. 

MATERIAL  PREPARATION 

Master  powder  blends  of  the  -60  mesli  powder  usedifor4he  Task  I studies  were  also  employediin  TaskdI. 
Chemicahanalyses  of  the  powders  are  presented  in  Tables  :13  and  14.  Scanning  electron  micrographs  of  the 
Taskdl  pdwders,. shown  in  Figures  9 and  10,  indicate'that-the  size,  shape,  and  satellite  formatiohtof  powders 
of  bothweiidors  are  virtually  identical.  The  particlejsize=distributions  produced  by  both  powderivendors  are 
illustrated:in*Figure  55. 


Both  powder  vendors  fabricated  cooling  plates  by  hoUisostatically  pressing  (HIP)  -60  mesh  powder  into  hollow 
cylindricaUbillets  to  the  proper  dimensions,  and  by  slicing  plates  of  the  appropriate  thickness  from  these  billets. 
The  turbirie;disk  shapes  were  prepared  using  the  shapeunaking  technology  developed  in  Task  I.  Iniboth  cases, 
the  powdersiwere.encapsulated  in  mild  steel  containers  and  HIP  at  2050° F.  Final  dimensions  oPthe  hollow 
cylindersiwere  approximately  6.5  inches  outside  diameterand  2.75  inches  inside  diameter.  The-compacted 
cylinders,  when  cut  into  2-inch-thick  slices,  were  prototypes  of  the  cooling  plate  shapes.  Tlieiturbinedisk 
shapes  were«similar  to  those  in  Figures  45  and  53. 

Heattreatment  studies  made  by  powder  vendors  during  Task  I has  indicated  that  an  approximately  20°F 
difference!in=7'  solvus  temperatures  existed  between»Vendor  A (2135°F)and  Vendor  B (21T5°F)Epowder. 
Prionto]heat4treatment  of  the  Task  II  hardware,  additional  studies  were  conducted  by  both  vendors  to  confirm 
that  this  difference  was  indeed  real  and  not  due  toUhermocouple  or  furnace  variations.  Both  vendors  heat 
treated  samples  of  Task  1 materials  at  25°FintervalsinTheir  own  facilities.  Samples  were  heaPtreated  adjacently 
and  results  were  obtained  by  optical  metallograph.  Photomicrographs  of  the  Vendor  A study,  which  are  virtu- 
ally identical  to  those  of  Vendor  B study,  are  presented  in  Figure  56.  The  grain  sizes  producediby  eachdieat 
treat  temperature  indicate  that  the  7'  solvus  of  Vendor  A material  is  just  beyond  2125°  F,  whileithat  of  the 
Vendor  B material  is  between  2100°  and  2125°F.  These.data  provided  the  basis  for  defining  the  solution  treat- 
ment-temperatures of  Task  II  material  as: 

Vendor.A  T,-30°F  = 2130-30  = 2100°F 

VendofiB  T -30°F  = 2115-30  = 2085°F 

s 

The  tufbine:disk  shapes  were  solution  treated  withithe  mild  steel  container  intact,  whilc  the  2-inch-thick  cool- 
ingEplates  were  unclad  on  the  top  and  bottom  faces.  The  mild  steel  container  around  the  ihsidciand  outside 
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TASK  II 


Figure  54,  Flow  Chart  for  Task  II. 
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diameters  of  each  cooling  plate  was  left  intact  during  heat  treatment.  Alhparts  were  individually  solution  heat 
treated  and  quenched  into  1000°F  salt  bath.  Groups  of  three  or  four  parts  were  then  aged  at  I600®F  for 
I hour  followed  by  1200°F  for  24  hours.  The  identification  code  for  all  Task  ll  material  appears  in  Table  42. 

MATERIAL  CHARACTERIZATION 

Density  and  thermally  induced  porosity  (TIP)  test  results  on  all  Task  II  material  were  obtained.  Results 
presented  in  Table  43  indicate  that  all  the  material  met  the  General  Electric  specification  requirement  of  less 
than  0.3  percent  density  change  after  TIP  exposure.  The  slight  disparity  in  the  As-HIP  densities  between  two 
vendors  was  produced  by  minor  differences  in  their  powder  blend  chemistries. 

Optical  and  electron  microscopy  was  also  completed  on  the  Task  11  material  used  for  mechanical  property 
evaluation.  Tire  results  shown  in  Figure  57  indicate  that  the  desired  grain  size  (approximately  ASTM  8)  was 
achieved  in  all  parts  except  cooling  plate  B6  of  Vendor  B.  Tliis  partwas  apparently  soluti=;::  treated  at  a 
temperature  above  its  V solvus  temperature  which  resulted  in  grain  growth  to  ASTM  5-7  and  uniform  precipi- 
tation of  a large  amount  of  coarse  7'. 

Tlte  microstructures  ofsthe  disks  from  both  powder  vendors  are  very  simi|ar;in'both  grain  size  and  background 
(cooling)  7'  size.  The^same  comment  also  applies  to  all  cooling  plate  structures  except  B6.  However,  there  is 
a slight,  but  distinct, .differencesin  the  background  7*  sizes  of  the  disks  relative  to  those  produced  in  the  cooling 
plates.  TItis  difference,.shown  in  Figures  57a,  b,  e,  and  f versus  Figures:57c,  d.  g and  h,  is  primarily  a result  of 
the  container  surroundingithe  disks.  The  slower  cooling  rate  obtainediwhenslhe  disks  were  salt  quenched  while 
encapsulated  in  an  oxidized  miid-steel  container  allowed  the  backgrounditoicoarsen  slightly  relative  to  the 
cooling  plates,  whicliihad'ho  inild  steel  container  on  their  top  or  bottomisurfaces.  inspection  of  the  test  data 
generated  fromihis  material:(to  be  formally  discussed  in  test  results  sectionlbelow)  suggests  that  the  slight 
microstructuralidifferenceihad  no  discernable  effect  on  the  particular  mechanical  properties  evaluated. 

TEST  RESULTS 

The  heat  treated  TaskflLmaterial  was  subjected  to  detailed  mechanical  property  evaluation,  including  tensile, 
stres'-rupture,  creep,  crack  propagation,  cyclic  rupture  (SPLCF),  andiow-cycleTatigue  testing.  Test  specimens 
used  i:.-  the  evaluationiare  similarito  those  in  Figures  17,25,26, 23, 24  and!58. 


Specimen  locations  for4he  Task  II  evaluation  ate  shown  in  Figures  59  and:60.  All  specimens  were  machined 
from  the  midplanes  oLthe  turbine  disk  and  cooling  plate  configurations.  All  disks  and  cooling  plates  were 
used  in  the  mechanicaliproperty  evaluation  except  Vendor  A disk  B231andfVendor  B disk  C219,  which  were 
machined  for  spin  pitiburst  testing. 

Tensile  data  sltown  in  Table  44  indicate  that  the  Task  II  material  propertiesiwere  lower  than  the  Task  lA 
results.  The  pilmary  areas  of  deficiency  were  0.2  percent  yield  strengths  atiall  temperatures,  and  ultimate 
strengths  at  800®F.  Tensile  ductilities  were  generally  adequate,  although  somewhat  below  the  level  achieved 
in  Task  lA.  A comparisomof  the  Task  II  results  with  PM  HIP  + forged  dataTrom  the  T700  program  is 
presented  in  Figures  6T»through  63.  Although  tensile  ductilities  were  approximately  equivalent.  Task  II 
0.2  percent  yield  strengths  at  all  temperatures  and  ultimate  strengths  aUl200-F  were  substantially  below  the 
average  HIP  + forgedteurves.  These  unexpectedly  low  strengths  were  attributed,  at  least  in  the  turbine  disk 
shapes,  to  the  reduced.quench  rate  caused  by  the  insulatingeffect  of  the;oxidized  mild  steel  container. 
However,  no  exr  lanatloniis  available  for  the  low  results  obtained  on!the.2dnch-thick  cooling  plate  shapes. 
These  shapes  w.  re  identical  toThose  tested  in  Task  !A  and,  in  the  case  of  Vehdor  A,  heat  treated  in  the  same 
facility  using  tl.e'samejprocedures  as  the  Task  lA  material.  SinceThe  tcsUsource  was  changed  for  Task  II, 
several  specimms.wereuested  at  the  Task  lA  source  to  determine  the  effecuof  test  vendor.  Results  shown  in 
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TABLE  42.  IDENTIFICATION  OF  TASK  II  DISKS  AND 
COOLING  PLATES 


Ident  No. 

Vendor  A 

Vendor  B 

B227 

C219 

B228 

C230 

B231 

C233 

B 195-4 

B6 

B 195-6 

B7 

Turbine  Disks 


Cooling  Plates 
(2inches  thick) 


TABLE  43.  DENSITY  AND  TIP  TESTiRESULTS  OF 
TASK  II  MATERIAL 


Powder 

Vendor 


Shape 


Density  (Lb/i.nj^) 


Change  (%) 


Disk 

Disk 

Disk 

Disk 

Cooling 

Plate 

Cooling 

Plate 

Cooling 

Plate 

Cooling 

Plate 


\9 


>5  ■ ..  'i 

r ■ 'it , t •.  ^ 


v^-- 


% 


•'  >'-.-.Vc'  -,V,:'<'-V'''^’'‘\  ..  " ■'■ 

1,>V  ' ' 

&;■-,  ■■>■.  f’.'  ; '-I 


s-- 


'-s\ 


d)  VendopBiGboling  Plate  B 195-6 


Figure  57.  MicrostructureiOl'Task  ll  Material  (Sheet  2). 
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5000X 


f)  Vendor  B Disk  C233 


Figure  57,  Microstructure  of  Task  II  Material  (Sheet  3). 
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Figure  58.  Creep  Test  Specimen. 
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Powder 

Identity 

Vendor 

Shape 

227 

B195^ 

B1^-6 

B7 

B7** 

Goal’ 

B228 

B195-6 


C233* 

B195-4 

C230** 

Goal 


TABLE  44.  TASK  II  TENSILE  RESULTS 


Tensile  Properties 


Disk 

Cooling 

Plate 

Cooling 

Plate 

Cooling 

Plate 

Cooling 

Plate 

Disk 

Cooling 

Plate 

Cooling 

Plate 

Cooling 

Plate 

Disk 

Cooling 

Plate 

Disk 


RT 

173 

RT 

178 

RT 

176 

RT 

175 

RT 

169 

RT 

180 

800 

172 

800 

167 

800 

164 

1000 

168 

1000 

171 

1200 

162 

1200  1 

161 

1200 

167 

*lninjid  test  specimen  broke  outside  gage  section. 
••Te«ed  at  Talk  I test  source. 

*0\«r^ternper8tured  during  solution  heat  treatment, 
'’RiTi—  Room  Temperature. 


UTS 

EL 

(ksi) 

(%) 

173  233 

178  232 

176  233 

175  234 

169  226 


167  213 

164  216 

168  220 

171  201 


Temperature  ("F) 


Figure  61.  Ultimate  TensilerStrength  Data  for  Task  ITAs-HIP 
Compared  to  T700  HIP  + Forged 


lemperature  (°F) 


Figure  62.  0.2  Percent  Yield  Strength  Dafa  for  Task  II  As-HIP 
Compared  to  T700  HIP  + Forged. 


200  ‘ 400  600  800  1000 

Temperature  (®F) 


1200 


71400 


Figure  63B.;Percentage:Reduction  of  Area  Data  for  Task  If  As-HIP 
Compared  to  T700  HIP  + Forged. 
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Table  44  indicate  that  data  from  the  two  sources  are  similar.  In  fact.room  temperature  results  on  cooling 
plate  B7  of  Vendor  B tested  at  the  Task  I A vendor  are  actually  slightly  lower  than  those  testedatthe 
Task  II  vendor. 

Notched  tensile  data  shown  in  Table  45  indicate  a notch  ratio  (notched  bat  tensile  strength/smooth  bar  tensile 
strength)  of  1.15  at  room  temperature  and  a 1.1  ratio  at  1000°  and  1200°F.  These  values  are:slightly  below 
the  HIP  + forged  T700  results  of  approximately  1.2  at  all  temperatures. 

Stress-rupture  data  were  obtained  at  temperatures  from  1 100°  to  1300°F  and  stresses  from  lOO  to  172  ksi. 
Results  are  given  in  Table  46  andicompared  to  a HIP  + forged  average  curve  in  Figure  64.  The  Task  II  material 
data  appears  to  be  comparable  to  HIP  + forged  data  at  1100°  through  1200°F  and  slightly  superior  at 
1300°F.  Stress-rupture  ductilities  are  adequate  at  all  test  temperatures. 

Creep  results  were  also  obtained  at  test  temperatures  from  1100°  to  1300°F.  The  data  (Figure  65,  and 
Table  47)  again  show  thatTask  ll  As-HIP  material  is  equivalent  to  the  T700  HIP  + forged  parts  at  lower 
temperatures  and  slightly  superior.at  1 300°F. 

Sustained  peak  low-cycle  fatigue;(SPLGF)  testing  was  conducted  at  1000°  and  1200°F.  Comparison  oTthe 
Task  II  data  with  that  of;lheiHlP*+  forged  in  Table  48  reveals  virtually  equivalent  properties  aPboth  test 
temperatures. 

Crack  propagation-testing  atslOOO°F  was  completed  on  Task  II  disk  shapes  using  the  KB  specimen.  Results 
given  in  Tabie  49  indicate  theiS_ame:trend  observed  during  Task  lA,  i.e.,  the  crack  propa^tionTresistance  of 
the  As-HIP  material  is  slightiyilower  than  that  of  HIP  + forged  (or  cast  plus  wrought);Rene' 95. 

Low-cycle  fatigue  (LCF)  testingiof  Task  II  material  was  obtained  at  conditions  evaluated  in  TaskifA  as  well 
as  additional  conditions  suggestediby  T700  design  engineering.  Test  temperatures,  notch  conditions,  and 
stresses  were  intended  to  simulateUhe  actual  operating  environment  of  Rene'  95  hardwaredn  the  T700;ehgine. 
Important  test  parameters  are  described.below: 


Temperature 

Test  Type 

Stress  Ratio 

Nqtchi&verity 

750'-'F 

PS/Nf 

A=  1 

Kt  = 1.0 

900°F 

PS/Nf 

A=  1 

Kf=-liO 

1050°F 

S/Nf 

A=  1 

K,  = 1.2 

1050°F 

S/Nf 

A=  1 

Kt  = 1.85 

1200°F 

■PS/Nf 

A=  1 

K.,  = 1.0 

1250°F 

S/Nf 

A=1 

K(  = 1.85 

*S  - Alternating  Stress,  PS-Pseudo=Stres$,Nj.-Number  of  Cycles  to  Failure. 


Task  II  results  are  describeddh  Table-50.  It  is  obvious  that  the  data  scatter  inherentin^LCF-testing  makes 
evaluation  of  two  data  points=per;condition  difficult.  For  example,  at  several  test  conditionsithe-cycles  to 
failure  are  actually  greater  aPthe  higher  stress  condition.  This  behavior  was  also  observed  during  evaluation 
of  the  HIP  + forged  T700  engineJhardware.  Comparison  of  these  meager  data  with  the  averageTlipd-  forged 
curves  shown  in  Figures  66dhrough7 1 reveals  an  approximate  equality  at  all  test  conditions.  However, 
completion  of  the  design  dataiprogram  in  Task  III  will  be  required  to  confirm  this  conclusion. 
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TABLE  45.  TASK  II  NOTCHED  TrNSILE  RESULTS 


Identity 

B195-6 

B7 

C233 

HIP  + Forged 

(ave) 

B227 

C230 

B6* 

HIP  + Forged 

(ave) 

8228 

8195-4 

HIP  + Forged 

(ave) 

Test 

Temp  i°F) 

Notch 
UTS  (ksi) 

RT 

263 

RT 

262 

RT 

269 

RT 

290 

1000 

244 

1000 

237 

1000 

231 

1000 

276 

1200 

•235 

1200 

235 

1200 

261 

All  te<tt  conducted  uting  K,  • 4.0, 
'Ovarltmperaturtd  during  tolution  haat  traatmant. 


TABLE  46.  TASKilLSTRESS-RUPTURE  RESULTS 


Identity 


B 195-4 


Powder 

Vendor 


Rupture 
Life  (hr) 


B228 

B195-6 


’Ovartamparaturad  during  lolution  haat  traatmant. 


TABLE  47.  TASK  II  CREEP  RESULTS 

Powder 

Test 

Stress 

Time  to  0.2% 

Identity 

Vendor 

Shape 

Temp  (®F) 

(ksi) 

Creep  (hr) 

B227 

A 

Disk 

1100 

150 

168 

B 195-6 

A 

Cooling 

Plate 

1100 

145 

150 

B228 

A 

Disk 

1200 

120 

128 

C233 

B 

Disk 

1200 

120 

190 

B6‘ 

B 

Cooling 

Plate 

1200 

100 

793** 

C230 

B 

Disk 

1300 

75 

102 

B 195-4 

A 

Cooling 

Plate 

1300 

65 

39^5 

B7 

B 

Cooling 

1300 

65 

793** 

Plate 

1 *Overtemperatuf«d  durrng.Mlution  h«at  treatment. 

I ••Tett  still  in  pfogreii. 

: — : 

. _ 

rABLE  48.  TASKJKSUSTAINED  PEAK  LOW-CYCLE  FATIGUE  RESULTS 


Identity 

Powder 
; Vendor 

Shape 

Test 

Temp  (‘’F) 

Max. 

Stress 

(ksi) 

Cyclesto 

Failure 

8195-6 

A 

Cooling 

1000 

180 

891- 

HIP-f  Forged- 

Plate 

1000 

180 

1111 

B6* 

B 

Cooling 

1000 

160 

2463 

HIP -1- Forged ; 

Plate 

1000 

160 

2312 

B195-4 

A 

Cooling 

1200 

145 

812 

B7 

B 

Plate 

‘ Cooling 

1200 

145 

810 

HIP  + Forged 

1 

Plate 

1200 

145 

9M 

(ave) 

*Ov(rttmp«ritur«d  during  (olutlon  hot  trwtmcnt. 
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TABLE  49.  TASK  11  CRACK  PROPAGATION  RESULTS 

Identity 

Powder 

Vendor 

Shape 

InitiaPCrack  Size 
Length  (in.)  Depth  (in.) 

Cyclic 

Life 

HIP  + Forged 
Life  (Predicted) 

B227 

A 

m 

0.024 

0.058 

6711 

7400 

B228 

A 

0.020 

0.061 

7080 

8000 

C230 

B 

Disk 

0.024 

0.060 

6742 

7300 

C233 

B 

Disk 

0.024 

0.061 

6115 

7200 

TABLE  50.  TASK;H  L0W^YGLE  FATIGUE  RESULTS 


Powder 

Identity  Vendor  Shape 


B195-4 

B7 

B228 

C233 

B227 

B195-4 


'Overtemperatured  during  solution  heat  treatment. 

• *AII  tests  with  Kt  “ 1 .0  are  strain  controlled  — stress  is  calculated  alternating  pseudo  stress. 


Alternating** 
Stress  (ksi) 

J 

Cycles  to 
Failure 

1 

169.3 

4,094 

130 

13,060 

140 

7,038 

123.9 

8,324 

90 

10,563 

85 

7,929 

78 

2,890 

74 

4,553 

124 

7,296 

117.1 

4,568 

67 

3,885 

63 

15,939 

Cycles  to  Failure 


Figure  68.  Load  eontroh^OSO^PiLow-iiJyclC Fatigue Data  at  A = l,:Kt  =1.2, jfor  Task jII 
As-HIP  Gompared  to  T700;H1P  + Forged. 


Alternating  Stress  (kSI) 


Task  II  As-HIP 
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Figure  69.  toad  Control  1050®F  Low-Cycle  FatigueiData  at  A = 1,  Kt  = 1.85,  for  Task  II 
As-HIP  Compared  to  T700  HIP  + Forged. 


Alternating  Pseudo  Stress  (kSi) 


The  problem  of  low  tensile  properties  in  encapsulated  turbine  disk  shapes  was  alluded  to  in  the  initial  portion 
of  this  section.  Consequentl}',  a small  study  was  designed  to  examine  the  effect  of  the  mild  steel  container 
material  on  quenching  rate  and  to  determine  the  feasibility  of  solution-treating  in  a high  temperature  salt  bath 
rather  than  an  air  furnace. 

Fourturbinc  disks  fabricated  frrm  -60  mesh  powder  (two  from  each  powder  vendor)  were  heal  treated.  One 
disk  from  each  powder  vendor  was  solution  treated  at  2100°F  for  1 hour  in  a gas  fired  furnace  and  quenched 
into  1000°F  salt  bath.  The  second  disk  from  each  vendor  was  solutionedlin  a 2100°F  salt  bath  for  1 hour  and 
then  quenched  into  1000°Fsalt.  Alllfour  disks  were  aged  1600°F/1  hour/AC+  1200°F/24  hours/AC  in  the 
same.furnace  run. 

The  solution  temperature  of  2100°F  was  used  on  all  four  disks  to  simplify  the  experiment.  The  7'solvus 
measurements  on  the  Vendor  B material  indicated  that  the  proper  temperature  (T*  -30°F)  was  2085°F. 
However,  the  disks  of  Vendor  B were  used  primarily  to  verify  the  difference  in  quenching  rates  produced  by 
solutioning  in  an  air  furnace  and  a salubath.  The  Vendor  A material  was  used  as  a direct  comparison  with 
their  Task  lA  hollow  cylindrical  slices  to  assess  the  effect  of  the  complete.mild  steel  encapsulation  of  the  disk 
on  quench  rate  and  mechanical  properties. 

Transfer  times  from  the  gas  fired  (air)  solution  furnace  to  the  1000°F  Mlhwas  essentially  equivalent  (approxi- 
mately 7 seconds)  to  those  achieved  during  the  Task  lA  and  Task  11  heat*treatments  at  Vendor  A.  The  disks 
were-transferred  fiom  the  2100°F  salubath  to  the  1000°F  salt  bath  in*approximately  2 seconds.  Three  sped- 
mens-were  machined  from  each  diskas  shown  in  Figure  72.  The  rooniitemperature  tensile  specimen  was-taken 
fromUhe  disk  bore,  while  the  elevated'temperature  specimens  were  machinedTrom  the  thinner  rim  in  orderdo 
obtain  data  at  temperatures  approximating:those  experienced  by  these?locations  during  service. 

As  expected,  solution  treatment  in:the;airTurnace  produced  a substantial-oxide  scale  around  each  disk. 
Solutioning  in  the  high  temperature  saltibath  did  not  oxidize  or  corroddthe  mild  steel.  Tensile  and  stress- 
rupture  properties  of  the  two  Vendor^A^disks,  presented  in  Table  51 , indicate  that  the  oxide  layer  formed 
during  solution  treatment  in  the  air  furnace  rcduced  the  effective  quenchirate  of  the  disk  relative  to  that 
achieved  in  the  Task  lA  cooling  plafe;blanks.  The  slower  cooling  rate  resulted  in  lower  mechanical  properties, 
especially  yield  strengths,  compared  to'the  Task  lA  data.  Solutioning  in;a  21 00°F  salt  b.''th  degraded  the 
quench  rate  and  room  temperature  incchanical  properties  to  levels  somewhat  below  those  of  the  material; 
solmioned  in  the  air  furnace.  The  material  from  both  vendors  exhibited  the  same  trends  in  spite  of  the  fact 
thatithey  were  solution  treated  approximately  15°F  above  the  specification  temperature. 

Electron  micrographs  of  the  microstructure  in  the  bore  and  rim  regionsiofiall  four  disks  are  presented  in 
Figure  73.  Comparison  of  the  microstructures  of  all  four  disks  clearlyiindicates  a significantly  larger  back- 
ground 7 size  in  the  disks  solutionednnUhe  2100°F  salt  bath.  Tliis  7’  coarsening,  which  occurred  duringithe 
IQOO-F  salt  quench  portion  of  the-heat  tieatment,  was  responsibleToritheilower  properties  of  the  disk 
solutioned  in  2100°Fsalt. 

The;background  y'  size  of  the  Task  lAs^Vendor  A cooling  plate  blank,  shown  in  Figure  74,  was  considerably 
finer  thanuhat  produced  in  any  of  theifour  disks  heat  treated.  Therefore,.in  order  to  attain  Task  lA  mechani- 
cal properties  in  turbine  disk  shapes,  the;quench  rate,  reflected  by  the  background  7 size,  must  be  increased. 

Oneipossible  solution  to  the  quench^rate  problem  is  to  remove  the  mild;steel  container  prior  to  the  heat 
treatment.  This  approach  was  tried  on  an  early  -60  mesh  Vendor  A TaskilA  disk  (SM  1 80)  fabricated  using 
a ceramic  mold.  Tlie  disk  was  heaUtreated  without  an  encapsulating  container  in  the  same  manner  as  the 
Task'jr  disks.  Test  specimens  were  machined  from  the  bore  and  rim,  andltensile  and  stress-rupture  properties 
were  determined.  The  results,  presented  in  Table  52,  indicate  substantialiimprovements  in  yield  strengths 


173 


I I 
- i 


Figure  72.  Specimen  Locations  for  Turbine  Disks  Heat  Treated  at  Production  Source, 


174 


TABLE  51.  MECHANICAL  PROPERTIES  OF  TURBINE  DISK  HEAT 
TREATED  WITHOUT  ENCAPSULATING  CONTAINER 


TENSILE  PROPERTIES 


Specimen 

Location- 

Test 

Temp  (°F) 

0.2%  YS 
{ksi) 

1^1 

BH 

Bore 

RT 

183 

233 

11 

■■ 

Rim 

RT 

185 

238: 

12 

Rim 

1200 

180 

228 

10 

11 

STR ESS- RUPTURE  PROPERnMES 
1200°F/150  ksi 


Specimen 

Location 

Life  (hr) 

ELi{%) 

RA(%) 

Bore 

62 

9.0 

8.6 

Rim 

59 

4*.0 

5.6 

Rim 

99 

5.0 

7.8 

b)  Vendor  A Disk  (Solutionedfin  2100°F  Salt  Bath) 


I; 

Figure  73.  Electron  Microscopy  of  Four  TJurbinc  Disks  (5000X)  (Sheet  1). 


Figure  73.  Electron  Microscopy  oFFour^’urbine  Disks  (5000X)  (Slieet  2). 
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Figure  74.  Electron  Microscopy  of  TaskJrAiirojlow  Cylinder. 
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relative  to  the  Task  11  disks.  Tensile  ductilities  and  stress-rupture  lives  were  on  the  low  side  but  rupture 
ductilities  were  excellent.  These  data  substantiate  the  decision  to  heat  treat  Task  111  turbine  disk  shapes  after 
removing  the  mild  steel  containers.  No  explanation  however  remains  available  for  the  apparent  difference  in 
the  properties  of  Task  11  cooling  plates  and  Task  1 specimens  similar  in  configuration. 

SPIN  PIT  BURST  TESTING 

A primary  feature  of  any  engine  qualification  and  certification  procedure  is  a proof  investigation  known  as  the 
overspeed  test.  The  purpose  of  this  test  is  to  impose  an  excessive  speed  on  either  the  disks  in  an  engine  or  on 
individual  disks  in  a spin  pit.  The  test  establishes  a margin  of  safety  that  ensures  that  disks  will  not  fail  if  the 
operational  hardware  were  suddenly  exposed  to  an  excessive  overspeed.  Tlie  mode  of  failure  that  is  guarded 
against  is  known  as  disk  burst,  which  occurs  when  the  component  reaches  its  ultimate  rotational  strength. 

Tlie  overspecd  test  rep«-escnts  an  important/design  consideration  that  has  to  be  met  in  order  to  validate  the 
engine  for  service  operation.  This  means.thatthe  maximum  speed  the  disk  is  capable  of  attaining  before 
bursting  must  be  calculated  with  a higii  degree  of  precision.  This  must  be  achieved  in  order  to  maintain  at 
least  a small  margin  during  the  test  so  thatjcxcesive  weight  penalties  are  not  incurred  in  meeting  a highly 
improbable  condition  in  actual  service. 

DISK  PREPARATION 

Spin  pit  burst  test  disks  were  machined  ffpmimaterial  of  both  vendors  fabricated  during  Task  11.  Two  con- 
figurations were  tested  to  compare:with:previous=results  on  T700  PM  HIP  + forge  hardware.  A turbine  disk 
(B231)  from  Vendor  A was  machined  touherconfiguratjon  shown  in  Figure  75.  The  holes  in  the  disk  simulate 
the  actual  cooling  and  bolt  holes  presentiin-an  actualTTOO  turbine  disk.  A disk  (C219)  from  Vendor  B was 
prepared  to  the  same  design  except  withoutsthe  20  holes  shown  in  Figure  75.  Both  disks  were  precision 
balanced  prior  to  ‘esting. 

A serious  oversiglit  occurred  atTHis  poinUin.therprogram.  Due  to  changes  in  personnel,  communications 
broke  down  and  the  disks  were  tested  without  being  subjected  to  nondestructive  inspection.  In  this  instance, 
failure  to  inspect  allowed  one  defective  partito  be  tested-which  normally  would  have  been  rejected  by  routine 
ultrasonic  or  fiuoicscent  penetrant  inspection. 

TEST  PROCEDURE 

The  disks  were  tested  at  room  temperatureiin  aspifillustrated  in  Figure  76,  An  air  turbine  was  used  to 
accelerate  the  parts  to  very  higli  speeds  under  vacuum.  The  burst  disks  were  caught  by  the  wood  block/steel 
ring  assembly  before  striking  the  cylindertliner.  Rotational  speeds  were  monitored  by  three  different  instru- 
ments. Permanent  recordings  were  madeiby-astape  recorder  and  a trace  recorder.  Tlie  speed  was  also  displayed= 
on  two  ATEC  digital  units  and  recorded  visually  by  spin  pit  personnel. 

TEST  RESULTS 

Historically  the  method  of  calculating  disk-burst  has  depended  on  the  quite  simple  analytical  procedure  of 
equating  the  speed  at  burst  to  the  leverofithe  average  tangential  stress  in  the  disk.  Given  the  f^act  that  previous 
disk  designs  were  relatively  simple  and  themiatcrialsiuscd'tcnded  to  be  tolerant  towards  this  type  of  failure, 
the  average  tangenliai  criteriomhas  provided;adequate;predictive  margins.  However,  with  the  advent  of  the 
superalloy  disk  materials  coupled  wltli  greateridcmands  for  engine  performance  which  in  turn  result  in 
complex  geometric  designs;  the  acceptedifnethods  of  analysis  were  reexamined  to  establish  their  validity, 
applicability  and  more  importantytheir  dependability. 
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As  a result  of  this  reexamination,  improved  semienipirical  equations  liave  been  developed  at  General  Electric 
to  predict  the  disk  burst  speed.  These  calculations  incorporate  material  properties  such  as  ultimate  tensile 
strength,  ductility,  and  notch  tensile  strength  at  room  temperature.  An  example  of  the  predictive  capability 
of  the  method  is  presented  in  Figure  77.  The  burst  speeds  of  a substantial  number  of  disks  fabricated  from 
materials  such  as  Inco  718,  Ti-64,  and  Rene'  95  (PM  and  cast  + wrought)  have  been  predicted  with  a maxi- 
mum error  of  approximately  4.7  percent.  This  method  was  used  to  predict  burst  speeds  for  the  HIP  + forge 
T700  disks  and  the  Task  11  As-HlP  disks. 

The  two  As-lIlP  disks  were  tested  to  destruction  and  the  fragments  were  reclaimed  from  the  spin  pit  catcher. 
The  reassembled  disks  are  compared  with  the  previously  tested  HIF  + forge  disks  in  Figures  78  and  79.  The 
fragmentation  patterns  are  very  sitnilar  for  both  processes  in  each  of  the  model  disk  configurations. 

Actual  burst  speeds  for  As-HIP  + forged  disks  are  compared  to  predictions  it'  Table  53.  Tlte  Vendor  A Task  11 
disk,  machined  to  the  configuration  with  holes,  burst  near  the  predicted  speed  and  compared  favorably  with 
the  corresponding  HIP  + forge  lest.  The  Vendor  B Task  II  disk,  machined  without  holes,  burst  at  a speed 
approximately  15  percent  below  the  predicted  value.  The  fragments  of  the  Vendor  B disk  were  recovered 
from  the  spin  pit  and  a fractographic  analysis  was  conducted  to  determine  the  cause  of  the  premature  failure. 
Examination  of  the  fracture  surfaces  revealed  that  a large  radial  crack  was  present  at  the  rim  of  the  disk  prior 
to  testing.  This  crack  shown  in  Figures  80  and  81 , extended  approximately  0 350  inch  into  the  machined 
disk.  Chevron  markings  shown  in  Figure  81  identify  this  crack  as  the  source  of  the  failure.  In  a normal 
failure,  the  chevron  markings  would  point  to  a location  in  the  more  highly  stressed  bore  region  as  the  source 
of  failure.  However,  the  presence  of  this  preexisting  crack  shifted  the  origin  of  failure  to  the  lower  stressed 
rimregion. 

Scanning  electron  micrographs  of  the  fractured  surface  within  and  adjacent  to  the  crack,  shown  in  Figure  82, 
reveal-the  presence  of  heavy  oxidation  within  the  crack.  This  fact,  along  with  the  absence  of  any  ueformation 
within  the  crack,  suggested  that  the  crack  formed  during  heat  treatment  of  the  Task  II  disk.  The  most  logical 
theory  for  the  origin  of  the  crack  is  that  a small  notch  or  discontinuity  from  tlte  Vendor  B fill  tube/disk  rim 
intersection  location  propagated  during  the  1000°F  salt  quench  from  2100°F.  Although  quench  cracks  tend 
to  be  very  tight,  which  is  probably  why  it  was  not  detected  visually  after  machining,  routine  ultrasonic,  macro- 
etch, and  zyglo  inspection  would  have  identified  this  defect  prior  to  testing. 

However,  once  the  size  and  location  of  the  crack  were  defined,  it  became  possible  to  predict  a burst  speed  in 
the  presence  of  the  fiaw  using  fracture  mechanics  and  stress  distribution  calculations.  Tire  predicted  burst 
speed  for  the  Vendor  B disk  containing  a 0.350-inch  radial  rim  crack  was  69,800  rpm  (assuming  a room 
temperature  fracture  toughness  value  of  75  ksi-jneh  for  As-HlP  Rene'  95).  Tims,  the  actual  burst  .speed  of 
72,930  is  in  good  agreement  with  the  predicted  value  when  the  quench  crack  is  factored  into  the  calculations. 
Since  any  premature  disk  burst  failure  raises  doubts  about  the  intrinsic  material  and  processing  integrity, 
replacement  disks  were  secured  from  the  Task  III  Lot  1 pilot  production  run  to  confirm  the  predictable 
behavior  of  As-HlP  Rene'  95.  Two  disks,  one  from  Vendor  A and  one  from  Vendor  B,  were  consolidated  at 
2050°F/I5  ksi  and  heat  treated  at  Tj  -30°F/1  hour/1000°F  salt  quench  i-  1600°F/1  houi/AC/J200°F/ 

24  hours/AC.  The  processing  utilized  on  these  disks  differed  from  the  practice  employed  on  the  previously 
described  Task  II  disks  in  that  the  mild  steel  containers  were  removed  by  machining  (Vendor  B)  or  acid  pickling 
(Vendor  A)  prior  to  solution  treating.  This  adjustment  was  implemented  in  an  effort  to  improve  the  yield 
strengths  by  increasing  the  cooling  rate  from  the  solution  temperature. 

Bore  slugs  from  each  of  the  disks  were  machined  into  test  specimens  and  tensile  tested  to  determine  mechanical 
properties  needed  to  calculate  the  theoretical  burst  speed.  Results,  presented  in  Table  54,  indicate  that  the 
room  temperature  ultimate  strengths  and  ductilities  of  both  disks  were  nearly  identicai.while  the  yield  strength 
of  the  Vendor  A disk  was  approximately  5 ksi  lower  than  the  disk  of  Vendor  B.  Both  disks  were  machined  to 
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TABLE  53.  TASK  II  SPIN  PIT  BURST  TEST  RESULTS  COMPARED  TO 
T700  HIP  + FORGE  DATA 


Production 

Process 

1 

Disk 

Configuration 

- -—--—I 

Burst  Speed  (rprh) 

Predicted 

Actual 

As-HIP 

With  Holes 

79,980 

78,870 

HIP  + Forge 

With  Holes 

81,000 

77;550 

As-HIP 

No  Holes 

86,560* 

72,930 

HIP  + Forge 

No  Holes 

87,000 

86,570 

‘Disk  had  0.325-inch  quench  crack  at  rim — predicted  burst  speed  in  presence  of  flaw  ■ 69  800  rpm 
(K,j-75ksi/in.) 


TABLE  54.  ROOM  TEMPERATURE  TENSILE  PROPERTIES  OF  BORE  SLUGS 
FROM  TASK  III  SPlN^PlT  REPLACEMENT  DISKS 


Powder 

Vendor 


TABLE  55.  SPIN  PIT  TEST  RESULTS  ON  THE  TASK  III  LOT 
REPLACEMENT  DISKS 


Powder 

Vendor 


Disk 

Configuration 


Burst  Speed  (rpm): 


Predicted  Actual 


A 

B 
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n Markings 


the  “no  hole”  configuration  presented  iit  Figure  75,  ultrasonically  inspected,  zyglo  inspected,  and  balanced 
prior  to  testing. 

Test  results  are  compared  to  predictions  in  Table  55  and  Figure  83,  and  indicate  that  both  disks  burst  within 
approximately  1 percent  of  the  calculated  speed  and  compared  favorably  with  the  corresponding  HIP  + 
forge  data  shown  in  Table  53.  Fragments  of  both  disks  were  recovered  from  the  pit  and  are  shown  in 
Figure  84. 


Acti 


^ B-231  (As-HIP  - With  Holes) 
C-219  (As-HIP  - No  Holes) 

O B248  (As-HIP  - No  Holes) 

□ C374  (As-HIP  - No  Holes) 
f R-3  (HIP  Forge  - With  Holes) 
R-9  (HIP  + Forge  - No  Holes) 


Theoretical  Burst  Speed  (RPH  X 10^) 


Figure  83,  Comparison  Between  Measured  Speed  at  Burstand  Tlieoretical  Speed 

for  As-HIP  and  HIP  F Forge  T700  Model  Disks  Using  Semiempirical  Metliod. 
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TASK  III  - FABRICATION  OF  ENGINE  TEST  HARDWARE 


The  objective  of  Ta?k  111,  a pilot  production  program,  was  to  fabricate  a series  of  disks  and  cooling  plates  using 
previously  established  process  specification  and  quality  plan.  Additional  mechanical  testing  was  to  be  performed 
in  order  to  insure  conformance  of  the  hardware  to  material  release  criteria  for  a new  turbine  disk  material.  A 
flow  chart  of  the  task  appears  in  Figure  85. 

A set  of  two  turbine  disks  and  four  cooling  plates  was  then  to  be  machined  and  submitted  for  engine  test. 
Powder  Production 

Rene'  95  powder  for  Task  III  was  produced  by  each  vendor  in  several  melt  heats  by  vacuum  induction  melting 
and  Argon  atomization.  New  master  powder  blends  of  -60  mesh  powder  were  prepared  by  both  vendors.  Wliile 
Vendor  A utilized  same  atomization  parameter  and  processing  techniques  as  employed  in  Tasks  I and  II, 

Vendor  B decided  to  alter  powder  production  parameters  for  this  blend.  This  change  was  permitted  with  cer- 
tain restrictions.  Since  the  effect  of  powder  particle  size  distribution  on  the  properties  was  an  unexpected 
variable  at  this  time,  it  was  decided  to  screen  and  blend  the  new  powder  from  Vendor  B to  the  same  particle 
size  distribution  as  thatofTasks  I and  II.  The  particle  size  distribution  of  these  blends  was  therefore  identi- 
cal to  Figure  54.  However,  the  scanning  electron  micrographs  oFthe  Vendor  B powder  (Figure  86)  indicate;its 
morphology  ahdisatellite  fonnation  to  be  different  from  thoseiobserved  in  Tasks  I and  II  powder  (Figures  9 
and  10).  The  certified  chemical  analysis  and  the  7'  solvus  temperature  of  all  the  master  powder  blends  usedsin 
Task  111  are  givehdn  Tables  56  and  57  for  the  respective  vendor. 

PowderEncapsulation 

The  steel  cansiwere  fabricated  to  produce  turbine  disk  and  cooling  plate  preforms.  The  shape^naking  tech- 
nology dcvelopcdHn  Task  IB  was  utilized  in  preparation  ofrlheHurbine  disk  shapes, and  the  steel  cans  were 
accordingly  prepared.  The  cooling  plate  preforms  were,  however,  made  as  a hollow  cylindrical  compact 
(6.5-inch  OD  and;2.7 5-inch  ID)  and  eventually  sliced  to  different  thicknesses.  The  steel  cans  were  checked 
for  any  leaksiandiundesired  foreign  inclusions  prior  to  Tilling  vyith  Rene'  95  powder.  Vendor  B Filled  the  cans 
under  vacuum, while  Vendor  A used  ambient  pressure  fillingTo|lowed  by  an  outgassing  procedure.  TheTilled 
cans  were  finally  checked  for  any  posssible  leaks  and  submittedTor  Hot  Isostatic  Compaction. 

Hot  I^ostatic  Compaction 

The  autoclaveswere  employed  for  hot  isostatic  pressing  oFtheTilled  cans  to  the  processing  parameters  devel- 
oped in  TaskilA.  A minimum  of  20  disks  and  20  cooling  plate;preforms  were  compacted  by  each  vendor.iln 
order  to  simulate;prototype  production,  the  disk  preforms  were  compacted  in  more  than  four  HIP  lots,  while 
a minimum  oFtwo  hollow  cylinders  were  compacted  to  yield  th&cooling  plates.  A section  of  the  fill  tube  of 
each  compactwas  metallographically  examined  to  check  the  leakage  and/or  undesired  temperature  exposure. 

\ few  of  theidiskicompacts  were  rejected  after  the  inspectiomand  were  replaced  with  additional  compacted 
disks. 

Heal  Treatment 

The  differencenn-the  7'  solvus  temperature  of  both  vendors  was  20° F,  same  as  in  Task  I and  II  powder.  Same 
solution  temperaturcs  were  thus  employed.  The  compacts  wereiheat  treated  with  the  procedure  developed  in 
Task  Il.TheiheatHreatment  for  the  cooling  plates  was,  however,  modified  to  achieve  desired  propertyigoals 
and  is  discussed  in  detail  in  the  section  Mechanical  Property  Evaluation.  Tlte  HIP  and  Heat  Treatment  record 
of  each  preform  is  given  in  Tables  58  to  61  for  both  vendors. 
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TASK  111 


Figure  85.  Flow  Ghart=for  TaskjIII. 
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TABLE  58.  VENDOR  A TASK  III  DISKS  CHARACTERIZATION 


B290 

Disc 

COL  10005 

MB022 

C3 

H2 

5 

44.5 

8 

B291 

Disc 

COL  10006 

MB022 

C3 

H2 

5 

45.0 

8 

B292 

Disc 

COL  10007 

MB022 

C3 

H2 

5 

45.0 

8 

B293 

Disc 

COL  10008 

MB022 

C3 

H2 

5 

45.0 

8 

B294 

Disc 

COL  10009 

MB022 

C3 

H2 

5 

44.5 

8 

B305 

Disc 

COL  10010 

MB023 

m 

H3 

1 

45.0 

8 

B306 

Disc 

COL  10011 

MB023 

B 

H4 

46.0 

8 

B307 

Disc 

COL  10012 

MB023 

H 

H4 

44.0 

8 

B308 

Disc 

COL  10013 

MB023 

C4 

H4 

44.5 

8 

B309 

Disc 

COL  10014 

MB023 

C4 

H4 

44.0 

7 

B316 

COL  10015 

MB024 

C5 

H5 

5 

45.5 

■ 

B320 

COL  10016 

MB024 

C5 

H5 

5 

45.5 

H 

B327 

Disc 

COL  10017 

MB024 

C5 

H5 

5 

45.0 

■ 

B328 

Disc 

COL  10018 

MB024 

C5 

H5 

5 

46.0 

■ 

B329 

Disc 

COL  10019 

MB024 

C5 

H5 

5 

46.0 

■ 

B344 

Disc 

COL  10020 

MB029 

C6 

H6 

4 

44.3 

8 

B345 

Disc 

COL  10021 

MB029 

C6 

H6 

4 

44.6 

7 

B346 

Disc 

COL  10022 

MB029 

C6 

H6 

4 

44.9 

8 

B347 

Disc 

COL  10023 

MB029 

C6 

H6 

4 

44.8 

8 
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'AH  cooling  pt^ifs  from  P2&0wtfebc«f  nested  with  « 1000  F Miiquertch  from  the  soluiiorttemperoture 
ThOM  (hat  were  reheat  treated  and  ihott  from 
B312  were  fan  air  cooled  from  the  toluitort  temperature 
'neheat  treated  twice 
* Fan  air'Cool  from  solution  treatment 

'solution  treated  m salt  at  2100^  F and  transferred  to  lOOO^F  tall  quench 
^Reheat  treated  orKe 


44  7 
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4G8 
44.G 
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TABLE  00.  VENDOR  B TASK  III  DISK  CHARACTERIZATION 
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Density  Determination 

Tlie  mild  steel  cans  of  all  llic  compacts  were  removed  by  machining.  A solid  cylinder  of  2 inches  in  diameter 
was  taken  out  of  the  center  of  each  disk  preform  by  electrochemical  machining.  The  density  of  each  of  these 
center  slugs,  as  well  as  the  disks,  was  determined  by  the  buoyancy  method.  A lever  arm  type  weighing  balance 
with  sensitivity  of  10  mg  in  60  kgs  was  used.  The  need  for  this  ultrasensitive  balance  is  disctissed  in 
Appendi,\  IV. 

A slice  from  the  top  and  bottom  of  the  cooling  plate  cylinder  was  used  to  check  the  density  of  the  compact 
by  the  buoyancy  method.  The  density  of  selected  cooling  plate  preforms  (heat  treated  to  the  final  desired 
treatment)  was  also  determined  using  the  same  facilities.  The  results  of  all  the  density  measurements  are 
tabulated  in  Tables  62  to  65.  An  excellent  correlation  was  observed  between  the  densities  of  center  slugs 
and  the  whole  disk  preforms. 

Thermally  Induced  Porosity 

To  determine  the  relative  amount  of  entraped  Argon  in  each  compact,  thermally  induced  porosity  measure- 
ments were  completed  on  all  the  center  slugs  from  the  disk  preforms  and  the  top  and  bottom  slices  of  the 
cooling  plate  compact.  The  determination  consisted  of  density  measurements  on  samples  (approximately 
100  gm)  after  exposing  ford  hours  at  2200°F  and  comparing  with  the  original  density.  In  addition,  As-lllP 
samples  from  each  master  powder  blend  were  forged  to  50  percent  reduction  and  subjected  to  density  deter- 
mination by  buoyancy  method.  These  values  were  then  used  for  comparison  with  the  densities  after  2200°F/ 
4 hour  exposure.  The  TIP  response  of  the  disk  and  cooling  plate  preforms,  well  within  the  requirements  of 
less  than  0.3  percent  change,  is  summarized  in  Tables  66  to  68  for  both  vendors. 

HARDWARE  EVALUATION 

All  the  disks  and  cooling  plates  fabricated  by  each  vendor  were  subjected  to  a rigorous  non-destructive  evalua- 
tion. The  hardware  was  inspected  by  the  vendors  and/or  their  subcontractors  and  critical  inspections  were 
repeated  by  General  Electric. 

Vendor  Non-Destructive  Inspection 

Tlie  following  non-destructive  testing  was  completed  by  each  vendor  before  the  hardware  was  shipped  to 
General  Electric: 

Hardness  test  was  conducted  at  two  points  180'’  apart  on  the  rim  and  at  one  point  near  the  bore  per 
ASTM  E 10.  All  the  parts  were  macroscopically  etched  with  HCI  and  H2O2  (9:1)  solution  to  inspect 
for  any  gross  metallurgical  inhomogeneity  and  to  eliminate  any  possible  masking  effect  on  cavities  due 
to  machining.  All  the  parts  were  fluorescent  penetrant  inspected  per  General  Electric  Specification 
P3TF2C1C  to  find  fine  cracks  and/or  cavities.  The  method  consists  of  immersing  a clean  and  degreased 
part  in  a highly  fluorescent  liquid  penetrant  for  about  30  minutes.  The  penetrant  is  then  removed  by 
immersing  the  part  in  an  emulsifier  and  rinsing  with  water.  The  part  is  dried  and  a coating  of  a developing 
powder  applied  to  it.  The  excess  powder  is  removed  and  ihe  hardware  is  examined  under  black  light 
when  the  fiuorescent  penetrant  lights  up  the  fine  cavities.  A high  sensitivity  penetrant  hydrophylic 
remover  and  non-aquous  developer  was  used  to  provide  a very  high  sensitivity  inspection. 


203 


TABLE  63.  DENSITY  OF  VENDOR  A COOLING  PLATES 


Cooling  Plate  Code 

- ■ — 

Whole  Part  Density 
(Ib/in.^) 

B312-1  COL  10038 

0.2983 

B312-2  COL  10039 

0.2982 

B312-3  COL  10040 

0.2983 

B312-5  COL  10041 

0.2983 

B312-6  COL  10042 

0.2983 

B312-12  COL  10043 

0.2983 

B312*13  COL  10044 

0.2983 

B317-14  COL  10045 

0;2982 

B312-15  COL  10046 

0.2982 

B312-16  COL  10047 

0.2983 

B312-17  COL  10048 

0.2983 

B3 12-20  COL  10053 

0.2983 

B312-21  COL  10054 

0.2982 

B3 12-22  COL  10055 

0.2982 

B3 12-23  COL  10056 

0.2981 

B312-24  COL  10057 

0.2982 
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TABLE  65.  DENSITY  OF  VENDOR  B COOLING  PLATES 

Whole  Part  Density 

Cooling  Plate  Code 

(Ib/in.^) 

C344  B312-’i  COL  10038 

0.2983 

C500-2  B312-2  COL  10039 

0.2994 

C500-3  B312-3  COL  10040 

0.2994 

C500-4  B312-5  COL  10041 

0.2994 

C500-5  B312-6  COL  10042 

0.2993 

C500-6  B312-12  COL  10043 

C500-7  B312-13  COL  10044 

C500-8  B31 2-14  COL  10046 

0.2993 

C500-9  B312-15  COL  10046 

0.2993 

C500-10  B312-16  COL  10047 

0.2993 

C494-13  B312-17  COL  10048 

0.2993 

C494-14  B312-20  COL  10053 

0.2992 

C494-15  B312-21  COL  10054 

0.2993 

C496-16  B312-22  COL  10055 

0.2992 

C494-17  B312-23  COL  10056 

0.2993 

C494-18  B312-24  COL  10057 

0.2992 

C494-19 

0.2993 

C494-21 

0.2992 

C494-22 

0.2993 

C494-23 

0.2993 
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To  find  any  internal  defect,  inclusion  or  void,  all  the  parts  were  ullrasonically  inspected  per  General  Electric 
.Specificalion  P3TF1C1A.  The  inspection  called  for  longitudinal  mode  (both  sides)  and  shear  mode  in  axial, 
radial,  and  circumferential  directions  for  the  disks.  The  cooling  plates  inspection  was  similar  with  the  excep- 
tion of  the  axial  shear  mode.  A scan  plan  submittcd  by  each  vendor  and  approved  by  General  Electric  was 
used  in  perfonning  the  inspection. 

Vendor  Mechanical  Property  Evaluation 

In  addition  to  continuing  the  mechanical  property  evaluation  at  General  Electric,  each  vendor  destructively 
evaluated  disks  and  cooling  plates  to  conform  with  the  Quality  Control  requirement  of  evaluating  one  com- 
pacl/master  powder  blend/UlP  lot/heat  treat  lot.  The  results  are  discussed  in  the  Design  Data  Study.  The  results 
of  test  specimen  machined  from  the  centenslug  and  evaluated  for  room  temperature  mechanical  properties  arc 
also  discussed. 

General  Electric  Nondestructive  Inspection 

In  addition  to  the  above-mentioned  vendor  nondestructive  inspection,  the  following  inspections  were  repeated 
at  General  Electric  Company,  on  all  the  TaskdII  hardware  to  provide  additional  assurance. 

Each  disk  and  cooling  plate  was  reinspected;by  fluorescent  penetrant  inspection  at  the  General  Electric  facilities 
using  the  same  high  sensitivity  penetranl,-temover  and  developer  as  those  used  by  the  vendors. 

An  increased  sensitivity  (12  dB)  ultrasonic  inspection  performed  to  a more  rigorous  scan  plan  which  included 
inspection  from  within  the  bore  of  thc-idisks-was  carried  out  on  all  the  incoming  hardware.  A set.  of  new  cali- 
bration blocks  made  from  As-HlP  Rene''95  compacts  was  used  instead  of  conventional  IN  718  calibration 
blocks,  and  special  transducers  were  utilizedifor  inspection  within  the  bore  area.  The  inspection  was  most 
comprehensive  given  to  any  T700  turbinediardware. 

Acoustical  Holography 

Under  a separate  US  Army  funded  program,  the  Aircraft  Engine  Group  of  General  Electric  Company  is 
currently  evaluating  some  of  the  emergingmondestructive  inspection  methods  and  comparing  their  sensitivity 
and  resolution  using  As-HIP  Rene'  95;material.  Althouglr  the  program  was  still  far  from  being  complete,  one 
of  the  inspection  techniques  showing  promise  is  Acoustical  Holography.  This  process  combines  the  ultrasonic 
inspection  process  with  holography  to  yield  an  imaging  portrayal  of  the  object  illuminated  by  ultrasound.  A 
transducer  is  used  to  focus  ultrasonic  cncrgy  on  the  surface  of  the  part.  Sound  is  transmitted  through  the  part 
and  signals  are  reflected  back  from  defects  and  surfaces  to  the  transmitting  transducer  (pulse-echo  technique). 
The  transducer  traverses  the  object  witlrthe  aid  of  appropriate  scanners  and  bits  of  intelligence  are  received 
and  recorded  from  a scries  of  discrctcpositions.  These  bits  of  intelligence  arc  in  the  form  of  a series  of  super 
imposed  sine  waves  differing  from  each  other  in  intensity  and  phase.  These  information  units  when  combined 
with  an  ultrasound  wave  (single  frequency^j  resull  in  an  electronic  interference  signal.  These  .signals  vary  in 
intensity  and  phase  shift  with  time.  Upon  completion  of  the  scanning  operation,  the  bits  of  intelligence  arc 
electronically  fed  to  a TV  screen  to  reconstruct  in  space  the  results  of  ultrasonic  impingement.  This  recon- 
structed image  defines  the  part  and  any  defects  reflecting  the  ultrasound.  Since  the  object  can  be  manipulated 
on  the  TV  screen,  the  cxactlocation  andisizciof  the  defects  can  be  more  readily  identified. 

Although  the  development  and  evaluation  of  the  Acoustical  Holographic  technique  for  As-HlP  Rene'  95  was 
not  yet  complete,  the  effort  to  date  had  resulted  in  the  identification  of  defects  location,  if  not  size,  notde- 
tectable  by  conventional  ultrasonics,  Itwas  decided  to  use  the  acoustic  holography  equipment  in  the  intensity 
mode  (comparable  to  classical  ultrasonics)  to  reinsure  the  integrity  of  a set  of  turbine  hardware  destined  for 
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the  engine  test.  A T700  HIP+  Forge  disk  was  also  included  for  comparison.  The  intensity  mode  inspection 
has  significantly  increased  sensitivity  over  the  ultrasonic  inspection.  This  is  a result  of  using: 

a)  Transducers  usable  over  a wide  frequency  band,  thus  permitting  the  exact  frequency  for  the  best  signal- 
to-noise  ratio. 

b)  A coiierent  transmitting  mode  with  increased  signal  strength  into  the  test  material  and  greater  total 
power  in  the  acoustic  beam. 

Tiic  testing  done  at  Hoiosonics,  Inc.  showcd;As-HlP  material  to  be  almost  devoid  of  any  background  noise, 
while  the  HIP  + forge  disk  results  were  clouded  by  excessive  noise.  Any  defect  indication  seemed  to  be  very 
small  (<0.010  inch).  To  establish  the  defect  size,  however,  one  of  the  excess  cooling  plate  preforms  was 
destructively  evaluated  in  the  areas  indicating  defects.  Tliin  layers  of  material  were  successively  removed  by 
electrochemical  machining  or  metaliographic  polishing.  The  surface  was  visually  examined  after  every  polish. 
Although  small  defects  and/or  voids  of  largest  dimensions  of  0.005  inch  were  observed,  no  conclusive  obser- 
vation of  sizeable  defect  was  made.  Tliree  disks  (one  extra)  and  three  cooling  plates  (except  the  stage  1 rear 
cooling  plate)  were  then  submitted  to  final;mach|ning. 

MACHINING  OF  ENGINE  TEST  HARDWARE 

Using  the  established  proceduresTor  machiningUhe  turbine  hardware  for  the  T700  engine,  the  General 
Electric  Company  machined  the  following-ehgiheicomponents  to  the  respective  T700  MQT  configuration: 


Stage  1 Turbine  Disk 

(6034T97) 

Stage  2 Turbine  Disk 

(60341^1) 

Stage  1 Forward  Cooling  Plate 

(0034T88) 

Stage  2 Forward  Cooling  Plate 

(5036T4I) 

Stage  2 Rear  Cooling  Plate 

(5036T80) 

Tiie  numbers  in  parenthesis  are  the  corresponding  engine  part-drawing  number.  These  parts, shown  in  Figure  87, 
were  machined  from  a set  of  Vendor  A preforms  which  passed  all  the  nondestructive  testing  carried  out  by 
the  vendor  as  well  as  the  General  Electric  Company,  including  Acoustical  Holographic  Inspection.  These  parts 
were  then  submitted  for  the  test  and  evaluation:in»the  T700  engine  program. 

Ail  remaining  Task  III  hardware  were  includcd;in:the  Design  Data  Evaluation. 

DESIGN  DATA  EVALUATION 

Following  completion  of  Task  II  evaluation,:itiwas!apparcnt  that  the  heat  treatment  procedures  utilized  were 
inadequate  to  produce  mechanical  properties  equivalenLto  the  program  goais.  The  mechanical  property 
degradation  was  attributed  to  the  presence  offaTully  encapsulating  mild  steel  container  around  the  parts 
during  heat  treatment  which  reduced  the  quench  (cooling)  rate  after  solution  treatment.  In  order  to  avoid 
this  problem,  it  was  decided  to  remove  the;mild:steel  container  prior  to  heat  treatment  to  improve  cooling 
rates.  Also  to  minimize  heat  treat  variations  onuhese  pilot  production  quantities,  both  vendors  agreed  to  heat 
treat  all  Task  III  hardware  at  the  same  facility. 
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Figure  87.  T700  Disks,  and  Cooling  Plates  Machined  troin  As-HlP  Perform 
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iheu  snit ! .ivel  aoiii.niK  i.  b\  an  .1  III  piiMiiie  opei.)iioii,v. bile  S ' lntor  H .liov  p>  inaehinc  iheu  dkkit.  Tlte 
lioUow  avbiiJerewue  dned  in  tlmf  'oKoI  Jilleteni  iliiabtii  , to  imm  .ill  lU  ' Looliitg  plates.  Tliickncsse'i 
n!  .he  pl.ik  Maiiki  III  e tell  set  pnoi  to  lieat  tieatment  ■.•.eft  0 7 ' iinji  1 1 pl.ils  >.  1 . 25  iialics  (2  pklles),  arid 
I 5 iihIics  ( 1 plate) 

rulloe-irip  heat  tieatiiu'iii  oT  those  parts,  M,ual  and  ullia  i.mie  nispeitioii  ol  the  luibine  disks  iiidicated  that 
eNton  0 quench  oacknip,  ueoumtd  in  two  of  the  tour  Vt  odor  U dist.s,  and  twia  of  five  Vendor  A parts.  No 
I ■ Ilk.  were  doles  ted  in  .uiv  ooohne  pi  itc  bl.iuks.  It  v,.o  soiklndod  that  inadequate  suilaec  pieparation  of  the 
disks  atf.'r  coat. liner  leinov.il  was  prohablv  responsible  loi  the  or.ickinc. 

One  dis!.  ftom  e:n  h |>o\vdor  loiiJor  v.  js  ovaln  Kod  to  deleiiiiine  tin'  ellei.  1 o!  'bis  nov.  lio.it  treat  procedure 
on  meoii.iuis.il  properties.  Tlic  two  p.irls  wore  sr.  tioiKd  .i-suidim;  to  iho  pl.m  sliuwn  in  Figuie  3t>  and  tested. 

Tensile  results  of  room  (unperaturo  and  .S00°F  pecimons  sectioned  Irom  the  disk  bote  and  1200*F  specimens 
inaoliined  from  the  disk  rini  ate  shown  in  Table  The  stteneif  le  ,s  of  Iho  Vendor  B disk  were  improved 
to  near  I ask  lA  values  but  the  1 20u'’F  duc  tilitics  v/crc  degraded  suhst.  ntially . I he  i oom  temperature  yield 
strength  of  dv  Wndor  A disk  was  lower  than  tire  T.isk  lA  data,  .•ililioui,!<  ilio  1 200  t"  yield  strength  was 
approMmatoiy  eciuivalent  to  d.isl:  fA  results.  .A-s  witli  the  Vendor  B disk,  the  1 20l)'F  duelihties  were  con- 
siderably lower  th.in  observed  in  I ask  I A. 

']  his  data  pointed  on!  that  llie  inverse  relationsliip  between  strength  and  duclility  is  much  more  severe  at 
1 200'* I"  than  at  room  teinper.iturc  Adding  to  the  problem  is  ilic  turbine  disk  sh  ipe.  The  disk  bore  cross- 
seetton  is  considerably  larger  than  that  of  ihe  rim.  Thcicloie.  aMen.pis  to  increase  the  cpiench  rale  in  the  bore 
were  inagiiilieu  in  Ihe  rim.  Tire  quen.b  tale  required  to  .ittam  tiie  goal  rc-o.n  temperature  yield  strength  in  the 
bore  also  resulted  in  higher  1200°T  yield  stieiigtb  at  the  rim  .iccompanicd  by  reduced  ductility. 

Evidence  of  the  much  faster  quench  rate  achieved  at  Ihe  disk  tun  ickilive  to  ll'c  bore  is  shown  in  Figure  8‘). 
The  background  (.ooling)7  size  in  both  diskswas  approximately  0.1pm  di.iineter  at  the  rim  compared  to 
U.2  0,3pm  diamctei  at  the  bore.  The  significant  increase  in  quench  tale  of  this  Task  III  disk  relative  to  that 
attained  using  ihe  Task  II  heat  treatment  procedure  (solution  with  .mild  steel  container  intact)  was  obvious 
when  tlie  y'  sizes  iii  Figure  <S0  were  compared  to  those  ptcsenied  previously  m Figure  6.3. 

The  loss  m 1 200“F  duc  (ility  assoctaled  with  very  rapid  quench  rales  from  2 1 00''F  also  presented  a problem 
in  Ilie  Lot  I cooling  plates,  .Since  the  cooling  plates  weie  between  0.73  and  1 .5  inches  tliick,  they  were  sub- 
jected to  a quench  rate  equal  (o  or  e.xceeding  that  .ichievcd  in  the  rim  area  ol  Lot  I disks.  This  implied  that 
all  cooling  plates  would  Imvc  very  high  room  temperalurc  yield  strengths  (approximately  100  ksi),  but  low 
1200°F  ductility  (approximately  6 percent  elongation ), 

A small  study  was  designed  to  explore  alternate  racthojs  oi  heat  ticvtmg  the  cooling  plate  blanks  to  yield  an 
acceptable  combination  of  strength  and  ductility.  Vendor  A prepared  and  heat  treated  two  oue-incli  thick 
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b)  Vendor  B Disk  C3 


Figure  89.  Electron  Microscopy  of  Task  III  Lot  I Turbine  Disk  (5000X) 
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cooling  plaic  blaiikc  lor  evaluation  One  blank  was  solution  treated  in  a 2090“F  salt  bath  for  1 hour  and 
quenched  in  a 10U0'’F  'alt  bath,  while  the  second  was  sohitioned  in  a 2100'’F  air  furnace  for  I hour  and 
quenched  by  fan  air  cooling.  Both  blanks  were  given  a I(>00°F/1  hour/AC  l2UU^F/24  hour'AC  aping  treat- 
ment and  sectioned  for  tensile  and  stress  rupture  evaluation. 

Faeh  1 ■inch-thick  cooling  plate  blank  was  evaluated  using  room  temperature  and  1200°F  tensile  tests 
and  UOD^F/ISO  ksi  stress  rupture  tests.  Results  from  Vendor  material  solutioned  in  a 2090°F 
salt  bath  are  presented  in  Table  70.  Tensile  strengths  and  ductilities  are  excellent,  c.xceeding  those 
obtained  on  Task  II  turbine  disks.  Stress  rupture  properties  were  disappointing  in  view  of  the  superior 
tensile  properties. 

As  expected,  the  tensile  strengths  obtained  with  a rapid  an  cool  quench  (Table  71)  were  considerably  below 
those  achieved  with  a 1000'’F  salt  quench.  Although  ultimate  strengths  were  acceptable.  0.2  percent  yield 
strengths  were  approximately  5 ksi  below  Task  II  turbine  disk  values. 

Stress-rupture  properties  from  botli  cooling  plate  blanks  were  obtained  with  subsize  specimens  which  are  prone 
to  thread  failures.  To  obtain  a clearer,  more  accurate  estimate  of  the  true  stress-rupture  properites,  larger 
specimens  (0.250  inch  diameter  and  1 inch  long  gauge  section)  were  inacninedTrom  the  two  plates  and 
tested.  Results,  shown  in  Table  72,  indicated  that  both  specimens  from  the  rapid  air-cooled  plate  exceeded 
hie  and  ductility  goals, while  neither  specimen  from  the  T -.^0'’F  sait  batli  sohitioned  plate  met  the  diictilitv 
goal. 


The  difficulties  associated  with  simultaneously  achieving  program  goal-strength  and  ductility  levels  in  the 
multisection  size  turbine  disk  shape  and  the  thin  cooling  plate  blank  prompted  a review  by  T700  Design 
tngmeeriiig  to  ascertain  minimum  property  requirements.  A thorouglrreview  of  engine  operating  conditions 
and  hardware  design  resulted  in  inodification  of  the  program  tensile  strength  goals  for  turbine  disks.as  shown 
m Table  li.  Addition  of  one  standard  deviation  (lo)  to  the  (-3o)  minimum  requirements  yielded  the  re- 
vised set  of  (-2a)  program  goals.  A similar  review  of  cooling  plate  rcquirements;produced  tensile  strength 
goals  identical  to  those  presented  in  Table  73.  Since  the  standard  deviations  in  the  As-HiP  data  were  unknown 
at  this  time  the  values  for  the  HIP  + Forge  data  were  used  for  it. 

The  reduction  in  strength  requirements  permitted  a greater  degree  of  freedom  intthe  selection  of  the  heat 
treatment  parameters.  It  was  decided,  since  the  goals  m Table  73  were  achieved  in  Task  II  turbine  disks, 
that  Lot  U disks  would  be  heat  treated  with  mild  steel  containers  intact  using  the  same  parameters  employed 
in  Task  II.  The  superior  stress-mpiure  properties  and  adequate  tensile  strengths  attained  using^a  rapid  air 
cool  from  a T^  -SO^F  air  furnace  resulted  in  selection  of  that  process  for  all  cooling  plate  blanks. 

Preliminary  Evaluation  - Lot  II,  III,  IV  Parts 

Five  Lot  II  turbine  disks  were  prepared  by  both  powder  vendors  and  heat  treated  according  to  Task  II  pro- 
cedures. To  facilitate  processing  of  the  remainder  of  the  Task  lIThardware,  Vendor  A chose  to  heat  treat 
Lot  III  turbine  disks  with  their  Lot  II  parts.  Each  vendor  processed  a total  of  20  cooling  plate  blaiiks'(4  sets) 
in  Lt)t  IV  and  heat  treated  them  along  with  7 of  their  previously  heat  trcated';Lot  1 plates. 

Since  this  Task  III  hardware  represented  the  first  As-IIiP  parts  heat  treated  at  a=production  source,  a pre- 
liminary evaluation  of  mechanical  properties  was  completed  before  committing  alarger  number  of  Task  III 
components  to  an  extensive  design  data  study.  Initial  test  results  from  EotTl.TII,  and  IV  parts  were  from 
tensile  specimens  machined  from  the  bore  slugs  of  Vendor  A turbine  disks.  These  siibsize  iixial  specimens 
were  to  be  used  primarily  as  quality  control  indicators.  Room  temperature  tensile  results,  shown  in 
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TABLE  69.  '"ENSIJ.E  PROPERTIES  OF  TASK  III  LOT  I TURBINE  DISKS 


Heat  Treatment;  Ts-30°FV1  hr/1000®F  Salt  Quench+  1600°F/1  hr/AC  + 1200°F/24  hrs/AC 
•2090°F  Salt  Bath. 


TABLE  71 . MECHANICAL  PROPERTIES  OF  VENDOR  A AND  B COOLING  PLATES 
GIVEN  RAPID  AIR  COOL  QUENCH  PROCESS 


TABLE  72.  STRESS-RoTTURE  RETEST  RESULTS  FOR 
COOLING  PLATE  EVALUATION 


Spec  No. 

Solu.  Process 

21RAC-A7 

21RAC-A10 

21S-B7 

21S-B10 

Rapid  Air  Cool 
Rapid  Air  Cool 
Ts-30°F  Salt  Bath  Quench 
Ts-30°F  Salt  Bath  Quench 

1200°F/150  ksi  Stress  Rupture 


TABLE  73.  T700  TURBINE  DISK  MECHANICAL  PROPERTY  REQUIREMENTS 


Tensile  Properties 

Room  Temperature 

1200°F 

0.2  YS 

UTS 

EL 

RA 

0 2 YS 

UTS 

EL 

RA 

(ksi) 

(ksi) 

(%) 

(%) 

(ksi) 

(ksi) 

(%) 

(%) 

T7 00  Design 
Eng.  (-3o) 
Requirements 

160 

220 

8 

10 

150 

200 

6 

10 

Qriginal  Program 
Goals  i—2o) 

180 

230 

10 

12 

167 

207 

8 

10 

Revised  Prpgram* 
Goals  (-2o) 

163 

225 

10 

12 

153 

203 

8 

10 

'Revised  goels  equivalent  to  (-30)  Design  Engineering  requirements  plus  addition  of  10,  where: 
0-  3 ksi  foi  RT  yield  strength,  1200°?  yield  strength, and  12(X)''F  UTS 
0 “ 5 ksi  for  RT  UTS. 

These  values  of  0 were  determined  using  current  7700  HIP  + forge  hardware  data. 


Table  74  indicate  tliat  the  0.2  percent  yield  strengths  of  tlie  disks  were  apparently  10  to  15  ksi  below  the  ex- 
pcLted  value  of  170  ksi.  Ultimate  strengths  and  ductilities  were  generally  acceptable,  although  two  specimens 
failed  to  meet  the  UTS  specification  minimum  of  225  ksi. 

Upon  receipt  of  this  data,  one  disk  from  each  vendor  was  sectioned  according  to  Figures  90  and  9 1 to 
determine  yield  strength  in  the  tangential  orientation  ushig  full-size  specimens.  Results  shown  in  Table  75 
indicated  that  yield  strength  in  the  bore  was  acceptable  in  both  disks.  All  properties  of  the  Vendor  A disk 
met  predicted  values  e.xcept  the  stress-rupture  results. 

The  Vendor  B disk  exhibited  acceptable  yield  strengths  at  RT  and  1200‘*F  but  failed  to  meet  the  specification 
UTS  requirement  at  RT.  Low  1 200“F  ductilities  were  also  observed  along  with  extremely  poor  stress-rupture 
properties. 

The  first  Vendor  A cooling  plate  blanks  were  also  tested  after  application  of  the  rapid  air  cool  soliition  treat- 
ment. The  thickest  ( 1.5-ii>ch)  plates  were  tested  first,  since  they  would  exhibit  the  lowest  properties  of  the 
three  cooling  plate  configurations.  The  cut-up  plan  is  shown  in  Figure  92.  Results  presented  in  Table  76  are 
somewhat  misleading  since  both  plates  received  slightly  discrepant  heat  treatments.  Plate  Number  18  was 
cooled  at  a very  slow  rate  initially  and  had  to  be  reheat  treated.  A problem  in  transferring  Plate  Number  19 
from  the  furiwce  to  the  fans  delayed  the  quench  by  approximately  25  seconds.  The  effect  of  cither  discrepancy 
on  mechanical  properties  is  unknown.  Both  plates  had  marginal  tensile  properties  accompanied  by  low  stress- 
rupture  properties. 

The  unexpectedly  low  0.2  percent  yield  strengths  obtained  from  bore  slug  specimens  and  the  apparent  lack  of 
conelation  of  this  data  with  results  from  turbine  disk  bore  specimens  initiated  a more  detailed-study  of  Task 
Ill-hardware  properties.  Two  additional  turbine  disks  and  three  cooling  plates  from  each  vendor  were  evaluated 
according  to  the  test  pkuis  illustrated  in  Figures  93  to  95.  In  addition.  Vendor  A machined  and  tested  speci- 
mens from  two  other  Task  111  turbine  disks  using  the  cut-up  plan  shown  in  Figure  96. 

Results  from  these  evaluations  are  presented  in  Tables  77  to  80.  The  turbine  disk  study  was  designed  to  in- 
vestigate the  effects  of  test  vendor  specimen  size  and  orientation  on  tensile  properties.  Full-size  tangential 
specimens  and  snbsize  axial  and  tangential  specimens  were  tested  at  two  test  vendors  (“A”  and  ”B”)  in  an 
effort  to  resolve  the  yield  strength  discrepancies  noted  in  the  bore  slug  test  data.  Results  from  the  six  disks 
shown  in  Table  '’7  suggest  that  data  from  both  test  vendors  is  essentially  equivalent.  No  significant  deviations 
in  yield  strength  were  noted  in  the  24  tensile  tests.  Although  it  is  difficult  to  draw  firm  conclusions  from  the 
data,  it  appears  that  yield  strength  obtained  using  subsizc  specimens  is  slightly  lower  than  results  obtained 
from  full-size  specimens.  The  data  also  stiggests  that  axial  yield  strengths  are  slightly  lower  than  tangential 
properties. 

Comparing  the  turbine  disk  tensile  data  presented  in  Table  77,  it  was  evident  that  there  was  a fundamental 
difference  in  mechanical  properly  response  between  the  powders  of  two  vendors.  Tensile  property  levels 
in  Vendor  A disks  were  typical  of  those  obtained  in  Task  II,  while  Vendor  B data  deviated  substantially  from 
the  expected  results.  The  1200°F  tensile  strengths  and  ductilities  of  Vendor  B hardware  were  well  below  the 
Task  II  results  and  substantiated  the  initial  preliminary  test  results. 

The  cooling  plate  data  presented  in  Table  77  indicated  the  expected  decline  in  tensile  strength  with  increasing 
cooling  plate  thickness.  The  rapid  air  cool  quench  from  the  solution  temperature  reduced  strengths  and  in- 
creased ductilities  in  the  Vendor  A cooling  plates  relative  to  the  properties  produced  by  the  1000°F  salt 
quench  heat  treatment.  The  slower  quench  rate  produced  acceptable  properties  in  the  0,75  inch  and  1 .25  inch 
thick  Vendor  A plates  but  yielded  marginal  strength  levels  in  the  thickest  ( 1 .5  inch)  cooling  plate.  A sliglitly 
faster  quench  would  be- required  in  the  thick  plate  to  raise  its  strength  to  the  levels  achieved  by  the  thinner 
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TABLE  74.  AXIAL  BORE  SLUG  TENSILE  RESULTS  FROM 
VENDOR  A TASK  III  LOT  2,  3, 4 DISKS 


Disk  S/N 

Room  Temperature 

0.2%  YS 
(ksi) 

UTS 

(ksi) 

ELONG. 

(%) 

RA 

(%) 

B290 

161 

234 

17.0 

B291 

168 

230 

15.5 

■M 

B292 

156 

227 

13.9 

14.9 

B293 

154 

221 

13.0 

13.4 

B294 

158 

230 

1G.7 

16.5 

B305 

160 

235 

15.8 

17.5 

B306 

157 

234 

15.5 

16.5 

B307 

165 

217 

10.1 

10.4 

B308 

153 

232 

17.0 

17.9 

B309 

156 

232 

17.2 

18.2 

B316 

156 

229 

16.5 

16.5 

B320 

151 

225 

16.6 

14.5 

B327 

159 

233 

18.0 

15.8 

B328 

156 

228 

17.0 

17.5 

B329 

158 

229 

17.4 

16.9 

Kg  TEST  BLANK 


Eigure  93.  Specimen  Location  forJDetailed  Mechanical  Property  Study  of  Task  III 
Vendor  A Turbine  Disks. 

in 
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Figure  94.  Speciman  Location  for  Detailed  Mechanical  Property  Study  of  Task  111 
Vendor  B Turbine  Disks. 


TABLE  78.  STRESS-RUPTURE.  CREEP,  AND  SPLCF  PROPERTIES  OF  TASK  III  TURBINE  HARDWARE 


O 


I 


4^ 


i4- 


232 


outiKk  939?  tecTton 
11&ln«sjrs 


Failed  m extensometer  mark 


234 


^S^cirrivni  indicated  b.23%  plastic  deformation  on  loading 


plates.  Altliougli  room  temperature  aiul  800“F  tensile  properties  of  the  Vendor  B cooling  plates  were  excel- 
lent, the  1 200° F strength  and  ductility  deficiencies  noted  in  the  turbine  disks  are  again  evident  m their  cooling 
plates. 


Stress  rupture  results  presented  in  Table  78  indicated  that  properties  in  Vendor  A disks  fluctuate  around  the 
50-hour  and  3.0  percent  specification  values.  Vendor  B disk  results  revealed  very  low  rupture  lives  and  duc- 
tilities, perhaps  reflecting  the  F200°F  tensile  ductility  deficiency  noted  in  Table  77.  Stress  rupture  properties 
of  the  thin  and  medium  thickness  Vendor  A cooling  plates  were  near  the  specification  levels,  while  the  lower 
strength  thick  plate  had  a much  lower  rupture  life.  The  Vendor  B cooling  plates  all  indicate  low  rupture  lives 
and  ductilities. 

To  further  investigate  the  1200°F  capability  of  Task  III  hardware,  a sustained  peak  low-cycle  fatigue 
(SPLCF)  test  was  conducted  on  eaci.  part.  This  test  is  considered  to  be  more  indicative  of  actual  engine 
operating  conditions,  and  therefore  is  prob-ably  a better  indicator  of  the  true  acceptability  of  turbine  com- 
ponents than  the  stress  rupture  test.  Results  from  Vendor  A disks,  shown  in  Table  78,indicate  superior 
SPLCF  capability.  The  cycles  to  failure  of  .all  three  parts  were  far  beyond  the  300  cycle  m 'mum  life  typical 
of  IllP  - Forge  and  cast-wrought  Rene'  95. 

Tlie  Vendor  B disk  data  were  more;erratic,with  one  test  falling  below  the  specification  value.  Vendor  A 
cooling  plate  results  were  also  vastly  superior  to  the  specification  minimum,  while  Vendor  B data  sverc  some- 
what more  erratic  but  also  exceeded  the  specification  minimum. 

The  Vendor  A’s  evaluation  of  two  aaditional  Task-ll|.disks  at  test  vendor  “C”  yielded  supplemental  tensile, 
stress  rupture,  and  SPLCF  data.  Specimemlocations  arc  shown  in  Figure  96.  Tensile  results,  presented  in 
Table  78,  indicate  that  disk  B307  is  essentially;equiv.alcnt  to  the  three  Vendor  A disks  included  in  the  de- 
tailed property  study.  No  explanation  was  available  for  the  unexpectedly  high  1 200°F  ductilities  observed 
in  two  specimens.  Data  from  disk  B316iwas  similar  to  B307  with  the  exception  of  1200°F  yield  strength, 
which  is  4-5  ksi  low.  Stress  rupture  properties,  shown  in  Table  80,  all  exceeded  specification  mininuims. 
SPLCF  results  on  both  disks  were  excellent,  with  the  superior  life  of  B307  being  typical  of  the  Vendor  A 
disks  reported  in  Table  78.  Crack  propagation  testing  w.as  also  conducted  on  these  two  disks  using  the  KB 
specimen  employed  in  Task  II.  Residuahcyclic  lives  of  both  disks  exceeded  the  specification  minimum  of 
5000  cycles  and  were  essentially  equivalentuo  results  reported  on  Task  H hardware. 

In  order  to  dctemiine  the  acceptability  of  Task  IF  hardware,  all  preliminary  results  were  summarized  and 
compared  to  goal  properties  in  Tables  81  to  84.  The  turbine  disk  results  of  Vendor  A,  summarized  in 
Table  81iincludcd  data  from  all  disks  exceptB3 16.  The  heat-treat  log  (115)  in  which  B316  was  included 
contained  one  disk  that  was  over-temperatured  during  solution  treatment.  Because  of  the  uncertain  quality 
of  lot  H5,  all  five  disks  in  the  lot  were  withheld  from  further  participation  in  the  program.  Therefore, 
properties  of  disks  B290,  B293,  B305  and!B307  represented  hardware  currently  being  considered  for  engine 
testing  and  detailed  Design  Data  generation.  Data  in  Table  8 1 indicate  that  all  tensile  stress-rupture  and 
SPLCF  average  properties  exceed  the  goals.  Only  one  tensile  datum  fell  below  the  goal  and  that  test  was  from 
a subsize  axial  test  specimen.  The  minimum  stress-rupture  life  and  ductility  both  failed  to  meet  goals,  but 
minimum  SPLCF  life  easily  exceeded  the  goal. 

The  summary  of  Vendor  B disk  data,  given  in  Table  83,  indicated  that  all  averages  except  stress-rupture  life 
and  ductility  exceeded  the  goals.  However,  minimum  properties  indicated  that,  in  addition  to  the  stress- 
rupture  properties,  room  temperature  tensile  strength,  1200°F  tensile  ductility  and  SPLCF  life  were  below 
goals. 
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TABLE  8 1 . SUMMARY  OF  TASK  III  VENDOR  A TURBINE 
DISKTEST  RESULTS* 


Property 


RTYS  (ksi) 
RTUTS  (ksi) 

RT  EL  (%) 
12o6°F  YS  (ksi) 
1200°F  UTS  (ksi) 
1200°FEL(%) 

Stress  Rupture 
(1200®F/150  ksi) 

Life  (hr) 

EL  (%) 

SPLCF 

(1200°F/145ksi) 
Cycles  to  Failure 


Deleting  Heat  Treat  Lot  H5 
+Knife-Edge  Failure 
T^ubsize  Axial  Specimen 


Ave. 

Max. 

Min, 

Goal 

167 

173 

163 

233 

236 

230 

225 

16.3 

18.0 

14.2 

10.0 

157 

160 

154=?fc 

153 

216 

228 

210 

203 

16.1 

26.0 

8.0  + 

8.0 

68 

151 

33.5 

50 

5.2 

9.1 

2.2 

3.0 

>4,000 

1,568 

300 

TABLE  82.  SUMMARY  OF  TASK  III  VENDOR  A COOLING 
PLATE  TEST  RESULTS 


Property 

Thin 
(0.75  in.) 

Med. 
(1.25  in?) 

Thick 
(1.5  in.) 

Goal 

RTYS  (ksi) 

174 

167 

RTUTS(ksi) 

235 

227 

RT  EL  {%) 

15.7 

14.5 

10.0 

1200  YS  (ksi) 

155 

156 

155 

153 

1200  UTS  (ksi) 

211 

207 

206 

203 

1200  EL  (%) 

13.9 

16.2 

16.0 

8.0 

Stress  Rupture 

(1200°F/150ksi) 

Life  (hr) 

49 

48 

14 

50 

EL;(%) 

3.3 

5.2 

5.8 

3.0 

SPLCF 

(1200“F/14S  ksi) 

' 

Cycles  toFailure 

1,325 

1.834  . _ j 

2,137 

300 

TABLE  83.  SUMMARY  OF  TASKTII  VENDOR  B TURBINE 
DISK  TEST  RESULTS 


No, 


Property 


Spec. 


Ave. 


Max. 


Min, 


Goal 


RTYS  (ksi) 
RTUTS  (ksil 
RT  El  (%) 

1200“F  YS  (ksi) 
1200'’F  UTS  (ksi) 
1200°F  EL  (%) 


6 

6 

6 

3 

3 

3 


169 

229 

15.9 

159 

204 

8.9 


171 

239 

20.6 

160 

206 

11,1 


164 

215 

11.2 

158 

203 

7,6 


163 

225 

10.0 

153 

203 

8.0 


Stress  Rupture 
(1200'’F/150  ksi)’ 


Life  (hr) 
EL  (%) 


6 

6 


16,5 

2,7 


21.1 

4.5 


12.4 

0.6 


50 


3.0 


SPLCF 

(1200°F/165  ksi) 


Cycles  to  Failure 


3 


1,092 


2,215 


220 


300 


i 
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The  cooling  plate  results  of  Vendor  A, summarized  in  Table  82,  indicated  that  tensile  and  SPLCF  properties  of 
the  thin  and  medium  thickness  plates  met  the  goals  while  stress  rupture  lives  were  slightly  below  the  50-hour 
goal.  Tensile  properties  of  the  thick  plate  were  slightly  above  goals,  SPLCF  life  was  excellent,  but  stress  rup- 
ture life  fell  far  short. 

Tlie  cooling  plate  data  of  Vendor  15,shown  in  T.ablc  84,  indicated.that  1200*’F  tensile  stiength  and  ductility 
of  the  thin  plate  did  not  meet  the  goals  while  stress  nipture  lives  and  ductilities  were  substantially  below  the 
goals  for  all  three  plates.  All  SPLCF  data  e.\cecdcd  the  goal.  This  coupled  with  Vendor  B disk  result  suggest 
that  the  T.ask  lll  hardware  properties  are  less  than  desirable  and  lower  than  those  obtained  in  Task  II  hardware. 
A probable  cause  for  il  could  be  the  different  powder  morphology  as  mentioned  in  the  discussion  of  powder 
production.  The  changed  morphology  are  satellite  formation  on  Vendor  B Task  111  powder  (Figure  92)  as 
compared  to  that  ofTask  I and  II  powder  (Figure  9 and  10)  is  very  apparent. 

Analysis  of  all  Task  lll  preliminary  data  with  T700  Design,  Materials  Engineering,  and  Army  personnel  re- 
sulted in  the  following  conclusions: 

a.  The  Vendor  A turbine  disks  and  thin  and  medium  thickness  cooling  plates  were  acceptable  for  engine 
testing. 

b.  The  Vendor;A*thick  cooling  plates  should  not  be  engine  tested;pending modification  of  Quench. 

c.  The  Vendor;B  disks  and  cooling  plates  were  not  acceptable  forcnginc  testing. 

d.  Two.turbine:disks  and  three  cooling  plates  of  Vendor  A shouldibc  finishcd  machined  into  engine 
hardware. 

e.  Tire  Taskflllidcsign  data  study  should  proceed  using  Vendor  A;hardware  only  and  should  be  modified 
slightly  to  reflect  the  reduced  quantity  of  hardware  av.iilable,  since  all  Vendor  B material  would  be 
excluded. 

f.  A study  should  be  initiated  under  Army  funding  to  investigate  cooling  rates  and  their  effect  on 
properties, with  hopes  of  developing  a more  optimum  quenchtechnique  for  this  As-HIP  geometry. 

Design  Data  Study  — Vendor  A Lot  11,  111,  IV  Parts 

The  detailed  design  data  study  was  rnodified  somewhat  to  permit  generation  of  required  data  with  the  re- 
duced quantity  oFtest  material.  Complete  identification  of  all  Tasklll  Vendor  A turbine  disks  and  cooling 
plates  are  summarized  in  Tables  58  and  59.  Test  barconfigurations  were  identical  to  those  used  in  Task  tl 
except  for  the  tensile  (Figure  97)  and  high-cycle  fatigue  (Figure  98)  specimens.  The  total  test  plan,  shown 
in  Table  85,  indicates  the  extensive  Low-Cycle  Fatigue  (LCF)  testing.  Additional  tensile,  stress  rupture,  and 
creep  data,  and:crack;propagation  results  were  obtained,  as  well  as  data  on  two  turbine  disks  subjected  to  a 
1200°F/1000-hour:thermal  exposure.  The  specimen  distribution  within  available  hardware  is  presented  in 
Table  85.  TesLlocations  are  described  in  the  cut-up  plans  shown  in  Figures  99  througli  103. 

Tensile  resultsTromithe  design  data  study  are  presented  in  Table  86.  These  results,  when  compared  to  previous 
HIP  + forge  'nOO  data,  indicated  that  0.2%  yield  strengths  were  substantially  lower  in  the  As-HIP  material. 
Ultimate  tensileistrengths  of  the  As-HIP  parts  were  slightly  below  HIP  TTorge  results  while  tensile  ductilities 
of  the  two  materials  were  essentially  equivalent.  The  tensile  properties  of  As-HIP  material  change  very  little 
with  temperatureiin  the  intermediate  temperature  range  of  600°-1000°F. 


239 


TABLE  85.  SPECIMEN  DISTRIBUTION  FOR  DESIGN  DATA  STUDY  OF 
VENDOR  A TASK  III  HARDWARE 


•Thermal  expoiur#  of  1200°F/1000  hr. 


Part 

S/N 

Thickness 

(in.) 

Master 
Powder 
Blend  No.' 

Heat  Treat 
Lot  No. 

Specimens  To  Be 
Machined 

Disk 

COL  10011 

— 

MB  023 

H4 

10LCF 

Disk 

COL  10022 

- 

MB029 

H6 

10  LCF 

Disk 

COL  10023 

- 

MB029  ■ 

H6 

10LCF 

Disk 

COL  10014 

MB  023  ; 

H4 

2 Stress-Rupture 

1 Creep 

2 Crack  Propagation 
1 SPLCF 

Disk 

COL  1C020 

- 

MB  029  i 

H6 

Same  as  COL  10014 

Disk 

COL  10021* 

MB  029  ! 

H6 

3 Crack  Propagation 
2 Tensile 
1 Stress- Rupture 

Disk 

COL  10013* 

MBO29;  ; 

H4 

1 Crack  Propagation 

1 Stress-Rupture 

2 Tensile 

CoolingPlate 

COL  10038 

1.25 

MB  024  ; 

H7 

3 Tensile 
2 Creep 
1 SPLCF 

1 High  Cycle  Fatigue 
1 Stress-Rupture 

CoolingPlate 

COL  10042 

0.75 

MB  024  ; 

H 10 

Same  as  COL  10038 

Cooling  Plate 

COL  10050 

1.25 

MB  024  ; 

H 7 

Same  as  COL  10038 

Cooling  Plate 

---  -~i 

COL  10057 


1.25 

MB  024  ! 

H 10 

Same  as  COL  10038 
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Figure  100.  Specimen  Location  for  Design  Data  EvaluationiOf  Vendor  A Task  III  Cooling 
Plates.(S/N  COL  10038,  COL  10042,  COL  10050  and  COL  10057). 
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Sustained  Peak  Low-Cycle  Fatigue  (SPLCF)  results  were  compared  to  HIP  + forge  data  at  the  same  test  con- 
ditions in  Table  87.  Data  from  the  cooling  plate  specimens  appeared  to  be  somewhat  lower  than  expected, 
probably  due  to  the  slow  air  cool  their  parts  received  during  the  heat  treatment.  However,  the  small  number 
of  test  results  and  the  substantial  amount  of  data  scatter  generally  associated  with  the  SPLCF  test  made  any 
conclusions  tenuous  at  best. 

High-cycle  fatigue  data  from  cooling  plate  components,  presented  in  Table  88, were  slightly  below  the  results 
from  HIP  + forge  turbine  disk  hardware  at  relatively  low  cyclic  lives.  Comparative  data  was  not  obtained  at 
lives  of  more  than  10^  cycles. 

As-H!P  crack  propagation  test  data  at  1000°F  on  turbine  disk  hardware  compared  favorably  with  HIP  + 
forge  results  as  shown  in  T.able  89.  Residual  lives  at  maximum  test  stresses  above  and  below  100  ksi  also 
indicated  consistent,  predictabiv.  behavior.  Testing  was  also  completed  on  two  As-HIP  disks  subjected  to 
a nOO^F/l 000-hour  thennal  exposure.  Results,  also  presented  in  Table  89,  indicated  no  degradation  of 
residual  cyclic  life  due  to  the  thermal  exposure. 

The  Low-Cycle  Fatigue  data  from  the  disks  is  presented  in  Tables  90  and'9Jiand  Figures  104  through  107. 

It  suggests  that  the  low-cycle  fatigue  properties  of  As-HIP  materialUo  be  essentially  equivalent  to  those  of 
HIP  + Forge  hardware.  Tliese  results  confinn  the  similar  conclusions  drawn  from  the  meager  Task  II  data. 

The  stress-rupture  results  presented  in  Figure  108  and  Table  92  indicateithe  same  trends  noted  in  Task  II. 
Rupture  lives  at  test  stresses  above  approximately  130  ksi  are  approximately-O-S  parameters  below  average 
HIP  + forge  data.  This  effect  is  probably  associated  with4he:lowenO:2;percenUyield  strength  of  As-HIP 
material  relative  to  the  HIP  + Forge  product.  However,  at  stresses  belowdBO  ksi,  As^HIP  rupture  lives  are 
at  least  equivalent  to  HIP+  Forge  values.  Rupture  ductilities  were  somewhat  erratic  but  acceptable  over 
the  total  temperature  range. 

Creep  results,  presented  in  Figure  109  and  Table  93.  suggest  properties  of  As-HIP  materiahare  at  least  equiva- 
lent to  those  of  HIP  + forge  parts  at  all  stress  levels  and  temperatures  tested.  The  Task  HI  results  also  con- 
firm preliminary  trends  noted  in  Task  II. 

Design  Curves 

Statistically  analyzed  design  curves  were  prepared  from  the  Crucible  Taskilll-disk  and  cooling  plate  data 
and  appear  in  Figures  110  through  1 19. 

‘Tensile 

All  tensile  properties  were  analyzed  using  heat  separation  and  fit  to  a power  series  equation.  Heats  were  de- 
fined as  master  powder  blends  and,  due  to  the  limited  amount  of  dataavailable,  no  attempt  was  made  to 
define  the  effect  of  material  section  size  on  properties.  After  analysis,  the  curve  shapes  were  compared  to  a 
second-set  of  As-HIP  curves  which  incorporate  a much  larger  body  of  data.  The  0.2%  yield  strength  (Figure 
1 10),  elongation  (Figure  111),  and  reduction  of  area  (Figure  112),  curvesiclosely  resembled  the  master  curves, 
but  a minor  adjustment  in  the  ultimate  tensile  strength  curve  (Figure413)  was  made  (the  1 000°F  UTS  was 
decreased  by  ~ 5 KSI)  to  make  its  shape  similar  to  that  defined  byiprevious.testing  of  a wide  variety  of  As- 
HIP  components.  Since  the  effect  of  section  size  was  not  analyzed,  theistandard  deviation  associated  with  all 
properties  is  somewhat  larger  than  would  be  expected  when  a section  size  correction  factor  is  incorporated. 

Both  the  0.2%  yield  and  ultimate  strength  curves  indicate  the  lower  strength  and  higher  ductility  of  Task  HI 
components  relative  to  HIP  + forge  material.  Modification  of  the  heat  treafprocedure  should  reduce  the 
strength  differences  between  the  materials  significantly. 
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TABLE  86.  TENSILE  RESULTS  FROM  TASK  III  DESIGN  DATA 
VENDOR  A HARDWARE 


Component 


Cooling  Plate 
Cooling  Plate 

Cooling  Plate 
Cooling  Plate 
Cooling  Plate 
Cooling  Plate 

Cooling  Plate 
Cooling  Plate 

Cooling  Plate 
Cooling  Plate 


COL  10042 
COL  10057 

COL  10038 
COL  10042 
COL  10050 
COL  10057 

COL  10042 
COL  10057 

COL  10038 
COL  10050^ 


Thickness  Test  0.2  YS 
(in.)  Temp  (°F)  (ksi) 


TABLE  87:  SPLCF  RESULTS  FROM  VENDOR  A TASK  III 
DESIGN  DATA  HARDWARE 


Fabrication 

Process 


As-HlP 
HIP  + Forge 

As-HIP 

As-HIP 

As-HIP 


‘All  ipecimtnf  tnttd  with  Kj  “;2.0  and  A - 0.95, 


S/N 

1 " 

Thickness 

(in.) 

Test 

Temp  (°F) 

COL  10038 

1.25 

1000 

121 

- 

1000 

COL  10014 

1000 

121 

— 

1000 

; COL  10050 

1.25 

1000 

- 

1000 

COL  10020 

- 

1200 

COL  10057 

1.25 

1200 

COL  10042 

0.75 

1200 

I 


TABLE  88.  1000° F’HIGH-GYCLE  FATIGUE  RESULTS  FROM  TASK-‘IIl- 
VENDOF  A HARDWARE 


Component 

Proce^ 

S/N 

Thickness 

(in.) 

Alternating 
Stress  (ksi) 

n 

Cooling  Plate 

As-HIP 

COL  10038 

1.75 

75 

102 

Turbine  Disk 

HIP +■  Forge  = 

22A 

- 

75 

216 

Cooling  Plate 

As-HIP 

COL  10042 

1.25 

65 

281 

Turbine  Disk 

HIP  + Forge 

121 

- 

65 

373 

Cooling  Plate 

As-HIP 

COL  10050 

1.75 

60 

449 

Cooling  Plate 

As-HIP 

COL  10057 

1.75 

— - 1 

55 

920 

‘toad  controlled  axial-axial  testing  A = 0.95 
Kj  = 1.0  frequency  = 3600  cpm 


TABLE  89.  1000°F  CRACK  PROPAGATION  RESULTS  FROM  TASK  III 
VENDOR  A HARDWARE 


Component; 

- 

Process 

S/N 

Nominal  Initial 
Fatigue  Crack 

- 

Max.  Stress 
(ksi) 

Residual  Life 
(Cycles) 

Length 

(in.) 

Depth 

(in.) 

Disk 

As^HIP 

COL  10014 

0.060 

0.020 

80 

17,337 

Disk 

As-HIP 

COL  10021’ 

0.059 

0.021 

80 

18,323 

Disk 

As-HIP 

COL  10014 

0.061 

0.023 

100 

7,034 

Disk 

As-HIP 

COL  10020 

0.059 

0.021 

100 

7,745 

Disk 

As-HIP 

COL  10013* 

0.065 

0.023 

100 

8,253 

Disk 

As-HIP 

COL  10021* 

0.060 

0.022 

100 

8,584 

Disk 

HIP  + Forge 

4 Tests 

0.060 

0.020 

100 

7,200-10,900 

As-HIP 

COL  10020 

0.063 

0.023 

4,718 

As-HIP 

COL  10013* 

0.061 

0.022  , 

4,953 

A ratio  = 0.95 
Frequency  = 20  cpm 

All  specimens  precracked  at  room  temperature 


Subjected  to  1200°P/1000  hr  thermal  exposure 
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TABLE  91.  LOAD  CONTROL  LOW-CYCLE  FATIGUE  DATA  FROM 
VENDOR  A TASK  HI  DISKS 

Disk 

Number 

, — _ — ■ — 
Test 

Temperature  (°F) 

Notch 

Severity 

Maximum 
Stress  (ksi) 

Cycle  to 
Failure 

10023-7 

1050 

1.2 

244.4 

253 

10011-6 

1050 

1.2 

200 

2,110 

10011-7 

1050 

1.2 

190 

6,205 

10023-6 

1050 

1.2 

180 

7,090 

10022-7 

1050 

1.2 

175 

61,585 

10023-8 

1050 

1.2 

170 

162,494 

10022-9 

1250 

1.85 

170 

1,667 

10011-8 

1250 

1.85 

160 

4,625 

10023-9 

1250 

1.85 

160 

2,598 

10022-8 

1250 

1.85 

150 

2,829 

10011-10 

1250 

1.85 

150 

2,319 

10023-10 

1250 

1.85 

140 

6,191 

10011-9 

1250 

1.85 

130 

10,884 

10022-10 

1250 

1.85 

125 

65,088 

iS 


CYCLES  TO  FAILURE 


Figure  105.  1200® F Strain  eoiitrol  Low-Cycle  Fatigue  Data  From  Vendor  A Task  III 
Disks  Compared  to  T-700  IllP  + Forge  Results. 


STRESS  -1000  psi 


TEMPERATURE -°F 


j Figure  l liL.  Design  Curve  for  Percent  Elongation  Data 
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PERCENT  REDUCTION  OF  AREA 


— ;X(AVG.) 

:X-3a 

I MAX.  TEMP  1400°  F 


ALTERNATING  STRESS  - 1000  psi 


ALTERNATING  PSEUDO  STRESS  - 1000  psi 


: \ 

: i 


i 

i 


r 


i 
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Figure  1 18.  Design  Curve  for  900°F  Strain  Control 
Low-Cycle  Fatigue  Data 
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Creep  and  Rupture 


All  data  were  coiuputerfit  on  an  isotlierinal  basis  and  a best  fit  Lirson-Millcr  constant  was  calculated.  Tije  con- 
stants in  both  creep  and  rupture  were  very  close  to  25,  the  value  used  for  conventional  and  1111*  + forge  R '.nc' 
‘)5  analyses.  Again,  no  sec.icn  size  correction  was  attempted  but  the  effect  on  standard  deviation  is  not  as 
pronounced  as  observed  in  the  ultimate  tensile  strength  curve.  Both  cutves  (Figures  1 >*t  and  1 15)  are 
identical  to  those  derived  from  previous  As-I III* data.  When  compared  to  the  ljn*  + forge  results,  the  Task  III 
rupture  data  are  slightly-inferior  at  high  stress  levels  (>  140  KSl)  but  somewhat  superior  at  lower  stresses. 

The  Task  III  creep  results  arc  superior  to  1111’  + forge  data,  especially  at  lower  test  stresses  (or  higher  lest 
temperatures). 

Low-Cycle  Fatigue 

Load  control  (notched)  fatigue  data  were  fit  to  either  a cubic  or  quadratic  function  of  stress  and  a inaMimim 
stress  boundary  condition  ofUTS/2  was  forced  on  the  model  to  define  curve  shapes.  Although  the  curve  shape 
is  slightly  different  than  the  corresponding  1111*  + forge  results,  the  notched  LCF  capability  of  Task  III  material 
(Figures  1 16  and  1 17)  is  equivalent  or  slightly  superior  at  both  lest  temperatures  and  notch  .severities 
evaluated. 

Strain  controlled  dataiwcrc  analyzcd  using  a slightly  different  model  ihaiulhal  employed  on  the  load  control 
results.  Tlic  rcsultingfcurvcs  at  both  900  and  1200°F  (Figures  1 18  and  1 19)  indicate  virtually  identical 
capability  to  prcviouslyiCvahiatcd  lllP+ forge  T-700  hardware. 

Quality  Control 

In  addition  to  supervising;:!  strict  conformance  to  the  I’roccssControl  Plans  (Appondi,x  11)  and  Product 
Acceptance  Plans  (Appendix  111),  the  Quality  Control  of  General  Electric  Company  was  extended  to  establish 
procedures  and  organization,  to  develop  techniques  for  belter  assurances,  aud  io  aid  in  vei.dor  conformance 
to  total  quality  plan. 

In  conformance  withsGener.il  Electric  Specification  PITF35,  both  vendors  were  assisted  in  developing  a 
quality  control  organiz.ition  for  their  Powder  Metallurgy  operations.  These  QG  organiz.itions  have  developed 
a detailed  process  definition  which  has  been  approved  and  thus  confined  to  the  rigorous  change  control  pro- 
cedure of  General  Electric.  Any  change  or  diversion  from  the  prescribed  process  definition  must meet  with 
General  Electrio Company’s  approval. 

All  the  significant  operations  by  c:ich  vendor  and  their  subcontractors  were witnessed  by  qualified  GE  per- 
sonnel to  check  conformance  to  the  process  definition.  This,  of  course,  was  preceded  by  the  signing  of  a 
mutual  nondisclosurciagreement  between  the  Genera'I  Electric  Company  and  the  two  vendors.  The  calibration 
of  all  the  testing  equipment  and  standardization  and  conformance  to  ASTM  specification  of  specimen  ma- 
chining source  was  in.surcd  by  GE’s  Qu.ility  Control. 

Several  improvements  inwcndorTacilitics  were  suggested  and  incorpor.itcd  to  insurc  adequate  processing  and 
thus  the  integrity  ofhardware.  A few  significant  changes  are  listed  below. 

• Both  vendors  constructed  enclosures  around  powder  atemizer  unloading  area. 

• A clean  room  was  constructed  by  both  vendors  to  perform  screening  aiuf  blending  of  powder. 

• A separate  clean  room  was  constructed  to  fabricate  metallic  cans. 
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Improved  and  frequent  inspection  procedures  were  also  adopted  by  the  vendors  as  well  as  the  General  Electric 
Company  to  enhance  the  quality  assurance.  Following  arc  the  higlilights: 

• A magnetic  separator  has  been  incorporated  in  the  powder  handling  to  effectively  remove  any 
undesirable  magnetic  particles. 

• A visual  e.xamination  of  sample  powder  from  each  heat  has  been  added. 

• Each  part  is  required  to  be  macro  etched  and  subjected  to  ultrasensitive  Fluorescent  Penetrant  Inspec- 
tion with  hydrophylic  emulsifier  to  detect  any  surface  cracks  or  defects. 

• An  additional  ultrasonic  inspection  with  increased  sensitivity  (1 2 dB)  was  added  for  extra  assurance. 

It  is  noteworthy  that  the  above-mentioned  inspection  is  neither  required  nor  performed  on  the  current  T700 
turbine  hardware  made  from  forgings  using  powdered  Rene' 95  preforms. 

Asa  direct  result  of  the  knowledge  gained  in  this  program,  Gcncral  Electric  Company  has  now  prepared 
specifications  for^PMiRcne' 95  lllP  hardware  in  production  quantities.  The  two  specifications  “Manufacture 
of  Premium  Rene'  95;Powdcr”  and  “Hot  Isostatic  Pressing  of  Rene'  95  Alloy  Powder”  are  included  in 
Appendix  1.  A Quality  Control  plan  for  the  acceptance  of  T700  HIP‘Rene' 95  production  hardware  now 
exists  at  the  Gencrai;Elcctric  Quality  Control  and  is  the  basic  requirement  for  the  source  substantiation  and 
eventual  procurcincnt-of  production  hardware. 

For  future  procurement  of  the  disks  and  cooling  plates  from  powder  inctallurgy  vendors,  the  corresponding 
General  Electric  approved  drawings  (17A1 16-554  and  17A1 16-555).were  prepared  and  are  available  to 
supplement  futnrc=production  requirements. 
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TASK  IV 


TEST  AND  EVALUATION 


In  order  to  introduce  new  materials  or  processes  to  the  production  of  a rotating  engine  component,  a critical 
milestone  of  the  overall  testing  program  is  the  engine  test  for  the  new  hardware  simulating  flight  conditions. 
Tlie  three  disks  and  two  cooling  plates  were  thus  assembled  in  a test  engine  scheduled  for  Maturity  Hardware 
Assurance  Test.  The  test  comprised  of  engine  operation  simulating  various  fliglit  conditions.  It  was  conducted 
in  the  start-stop  cycles  of  6 hours  each.  The  engine  testconsisted  of  25  cycles,  i.e.,  a total  of  150  “endurance 
hours”.  The  engine  was  then  disassembled  and  all  the  live  parts  were  subjected  to  dimensional  check,  visual 
inspection,  uitrasensitivity  Fluorescent  Penetrant  Inspection  and  high  sensitivity  Ultrasonic  Inspection  (in  the 
bore).  Tliese  nondestructive  tests  confirmed  the  parts  to  be  flawless  after  accumulating  150  hours  of  the 
‘engine  time’.  A comparison  with  the  corresponding  standard  part  with  similar  endurance  history  revealed 
these  to  be  very  similar.  The  engine  test  was  thus  successfully  completed  by  the  hot  isostatically  pressed 
Rene'  95  turbine  parts. 


TASK  V - TECHNICAL  DATA  PACKAGE 

A technical  data  package  was  compiled  which  included  the  following: 

1 . Pf.  cess  Drawings  17A1 16-354,  17A1 16-355. 

2.  General  Electric  Specifications: 

C50TF64  (Premium  Quality  Powder  Metallurgy  As-HlP  Rene'  95  Alloy  Parts. 
PITF47  (Manufacture  of  Rene'  95  Alloy  Powder^ 

P7TF5  (Containerization  and  Hot  :IsostatiC!Pressjng,(HlP)  of  Rene'  95  Alloy  Powder) 
Tliis  package  shall  be  used  for  future  procuremenf  ofT700  As-HIP  Turbine  Parts 


SUMMARY  AND  CONCLUSIONS 


Tlic  primary  objective  of  this  program  was  to  develop  a rcliable,  low-cost,  reproducible  powder  metallurgy 
production  process  for  mapufacturing  premium  quality  hot  isostatically  pressed  (As-HIP)  Rene'  95  engine 
hardware.  The  program  was  carried  out  by  two  powder  vendors,  Vendor  A and  B,  and  was  divided  into  five 
tasks,  designed  to: 

1.  Df.fine  processing  and  shape-making  parameters  required  to  meet  mechanical  property  goals. 

2.  Evaluate  the  selected  process  with  lab  test  specimens. 

3.  Fabricate  engine  test  hardware  and  >:enerate  detailed  design  data. 

4.  Complete  engine  testing  of  at  least  one  set  of  As-HIP  T700  parts. 

5.  Compile  a technical  data  package  including  process  drawings  and  engineering  specifications 
for  the  production  of  As-HIP  Rene'  95  hardware. 

Processing  parameter  studies  in  Task  I indicati  d that  the  desired  mechanical  properties  and  turbine  disk  shape 
could  be  achieved  in  As-HIP  Rene'  95  through  applicationofa  specific  combination  of  hot  isostatic  pressing 
(HIP)  temperature,  pressure,  and  post-compactlondieaUtreatment.  The  processing  sequence  consisted  of  hot 
isostatic  pressing  of  -60  mesh  powders  in  metallic  or.ceramic  containers  at  2050°F  and  15,000  psi  pressure 
fora  minimum  of  2 hours.  Heat  treatment  procedure  included  solution  treatment  at  Ts  -30°F  for  1 hour 
followed  by  a quench  into  1000*F  salt  bath.  A doiible  ageicycle  of  1600°F/1  hour/ AC  + 1 200°F/24  hours/ 

AC  produced  the  required  properties  in  2-inch-thick  tesublanks.  Shape-making  studies  in  Task  I indicated  that  a 
uniform,  reproducible  material  envelope  around  the  targeL'ultrasonic  shape  could  be  fabricated  using  either 
mild  steel  or  ceramic  containers. 

A more  detailed  study  of  mechanical  properties  using  actuahturbine  disk  hardware  in  Task  II  indicated  that  not 
all  desired  properties  were  attained.  Tensile  properties  wereibelow  program  goals,  althougli  stress-rupture, 
creep,  and  low-cycle  fatigue  data  were  essentially  equivalenUto  previously  tested  T700  HIP  + forge  Rene'  95 
components. 

Several  attempts  were  made  to  modify  the  Taskdl  processing  sequence  to  improve  tensile  properties,  but  no 
completely  satisfactory  method  was  identified.  Reassessment  of  the  T700  property  requirements  by  T700 
Design  Engineering  resulted  in  a reduced  setoftensjlc  goals  which  could  be  attained  using  Task  II  production 
practices.  Application  of  these  parameters  to  Vendor  A components  in  Task  ill  yielded  acceptable  engine 
hardware.  However,  a change  in  powder  production  methods  was  apparently  responsible  for  the  unsatisfactory 
properties  in  Vendor  B Task  HI  hardware.  Design  data  studieson  Vendor  A coniy'-  e Us  indicated  that  mechanical 
nroperty  goals  were  met  in  all  but  one  component.  Therefore,  a partial  s t of  As-HIP  hardware  consisting  of 
two  turbine  disks  and  three  (instead  of  four)  cooling  platcs.were  finish-machined  for  engine  testing. 

In  summary: 

• The  hot  isostatic  pressing  proc(;ss  is  capable  of producingTow-cost,  reproducible  premium  quality 
T700  turbine  hardv/arc. 

• Mechanical  properties  essentially  equivalent  to  the  powder  metallurgy  HIP  + forge  product  can  be 
attained  in  As-HIP  Rene' 95. 
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• Accurate,  reproducible  T700  turbine  disk  shapes  can  be  produced  using  either  mild  steel  or  ceramic 
containers. 

• T700  model  disk  burst  speed  characteristics  of  As-HlP  Rene'  95  are=equivaient  to  those  of  the 
HIP  + forge  product. 

• All  mechanical  properties  of  the  pilot  production  As-HlP  Rene' 95  turbine  disk  and  cooling  plate 
hardware  met  the  modified  T700  design  requirements  with  the  exception  of  stress-rupture  properties 
in  the  thickest  (1 .5  inch)  cooling  plate. 

• Changes  in  powder  production  methods  can  have  a significant  effect  on  mechanical  properties  of 
As-HlP  material. 

• Heat  treatment  is  the  most  critical  processing  step  in  the  As-HIP  process.  The  heat  treatment  procedures 
must  be  carefully  monitored  to  avoid  substantial  deviations  in  resultant  mechanical  properties,  even 
when  identical  solutioning  and  aging  temperatures  and  times  areiapplied. 


SUGGESTIONS  FOR  FUTURE  WORK 


The  successful  completion  of  the  first  4 tasks  of  this  program  lias  established  a manufacturing  process  for  the 
production  of  As-HlP  Rene'  95  turbine  hardware.  The  technically  and  economically  crucial  areas  of  the 
process  however  should  further  be  investigated  to  “productionize”  the  process  and  make  it  further  cost 
effective.  Some  of  these  areas  are  as  follows: 

Heat  Treatment 

The  development  of  desired  mechanical  properties  is  extremely  sensitive  to  various  parameters  of  heat 
treatment;  i.e.,  solution  temperature  and  its  range,  quench  media,  time  to  transfer,  full  or  partial  canning  of 
the  parts,  etc.  These  parameters  are  part  of  a heat  treat  study  already  initiated  as  the  Task  VI  of  this  program. 
The  results  will  be  reported  separately. 

Powder  Characteristics 

It  was  observed  that  powder  size,  size  distribution  and  morphology  affect  the  mechanical  prOpefty^ofthe 
As-HIP  compacts.  Further  investigation  to  establish  the  effect  of  various  parameters  wouldibewery/desirable. 

Density 

Tlie  whole  part  density  determination  is  an  expensive  proposition.  A sampling  technique-using  ^iparUfrom  a 
larger  lot  or  an  integral  small  piece  must  be  developed.  Moreover  the  reference  standard'ofiHiP  +.  fdrgfshould 
be  evaluated  and  compared  with  other  possible  and  accurate  reference  standards. 

Quality  Plan 

The  present  quality  plan  calls  for  an  extensive  destructive  evaluation  and  should  be  carefully  reviewedUo  reduce 
the  number  and  the  frequency  of  testing. 

Cleanliness 

As  opposed  to  a metal  ingot,  powder  is  exposed  to  possible  contamination  during  handling.  Atipresenfthere 
is  no  standard  method  of  determining  the  cleanliness  of  either  the  powder  or  thepowder  products  Such  a 
method  will  be  of  extreme  value.  Moreover,  stricter  methods  of  controlling  powder  handling  and  physical 
devices  to  “clean”  the  powder  of  impurities  will  be  of  immense  help  and  should  be  investigated.  Can  prepara- 
tion is  presently  expensive.  The  production  methods  of  making  sheet  metal  cans  should  be  liicorporated. 
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APPENDIX  I 

GENERAL  ELECTRIC,  AIRCRAFT  ENGINE  GROUP,  SPECIFICATIONS 

CODE  IDENT  NO.  07482 


PREMIUM  QUALITY  POWDER  METALLURGY 
AS-HIP  RENE'  95  ALLOY  PARTS 
(CS0TF64-S1) 


1.  SCOPE 

1.1  Scope.  This  specification  presents  requirements  for  premium  quality  powder  metallurgy  As-HlP 
Rene' 95  alloy  parts. 

1.1.1  Classification.  This  specification  contains  the  following  classes: 

CLASS  A:  230,000  psi  (1586  MPa)  Ultimate  Tensile  Strength 

CLASS  B:  220,000  psi  (1517  MPa)  Ultimate  Tensile  Strength 

CLASS  C:  208,000  psi  (1434  MPa)  Ultimate  Tensile  Strength 

The  requirements  specified  herein  apply  to  all  classes  unless  otherwise  specified. 

1 .2  Definitions.  For  purposes  of  this  specification,  the  following  definitions  shall  apply. 

As-HlP  - Hot  isostatically  pressed  and  heat  treated. 

HIP  — Hot  isostatically  pressed. 

Master  Powder  Blend  - A blend  of  two  or  moie  powder  heats. 

Part  Lot  — Parts  produced  in  the  same  autoclave  cycle. 

Powder  Heat  - The  blend  of  powders  produced  from  one  or  more  powder  lots  of  a single  original 
vacuum  induction  melted  heat  of  the  alloy. 

Powder  Lot  - Powder  produced  during  a single  cycle  of  the  powder  production  equipmentiand 
screened  to  the  specified  size. 

Purchaser  - Tlie  procuring  activity  of  the  Aircraft  Engine  Group  (AEG)  of  the  QenerahElectric 
Company  that  issued  the  procurement  document  invoking  this  specification. 

2.  APPLICABLE  DOCUMENTS 

2.1  Tlie  following  documents  shall  form  a part  of  this  specification  to  the  extent  specified  herein.  Unless 
a specific  issue  i?  specified,  the  latest  revision  shall  apply. 

GENERAL  ELECTRIC  SPECIFICATIONS 

P3TF1  Ultrasonic  Inspection 

P3TF2  Fluorescent  Penetrant  Inspection 


P2ITF7  Hot  Isostalic  Pressing  (HIP)  of  Castings 

P29TF19  Acceptability  Limits  for  Trace  Elements  in  Nickel  and  Cobalt  Base  Superalloys 

AMERICAN  SOCIETY  FOR  TESTING  AND  MATERIALS 


ASTMB214 
ASTM  B215 
ASTM  E8 
ASTM  ElO 
ASTM  El 8 
ASTME21 
ASTM  E45 
ASTM' El  12 
ASTM  El  39 


Sieve  Analysis  of  Granular  Metal  Powders 
Sampling  Finished  Lots  of  Metal  Powders 
Tension  Testing  of  Metallic  Materials 
Brinell  Hardness  of  Metallic  Materials 

Rockwell  Hardness  and  Rockwell  Superficial  Hardness  of  Metallic  Materials 
Elevated  Temperature  Tension  Tests  of  Metallic  Materials 
Determining  the  Inclusion  Content  of  Steel 
Estimating  the  Average  Grain  Size  of  Metals 

Conducting  Creep,  Creep-Rupture,  and  Stress  Rupture  Tests  oFMetallic  Materials 


AEROSPACE  MATERIAL  SPECIFICATIONS 


AMS  2269  Chemical  Check  Analysis  Limits-WrougliL  Nickel  and  NickePBaser Alloys 
3.  REQUIREMENTS 

3.1  Raw  Material 

3.1.1  Parts  shall  be  produced  from  powder  of  a nickel  base  alloy  known  as;Rene'95. 

3.1 .2  Chemical  Composition,  Percent 


Carbon  

0.04-0.09 

Manganese  

Silicon  

Sulfur  

0.015  Max. 

Phosphorus 

0.015  Max. 

Chromium  

12.00-14.00 

Cobalt  

7.00-9.00 

Molybdenum  

3.30-3.70 

Iron 

Tantalum  

....  0.20  Max. 

Columbium  3.30  — 3.70 

Zirconium 0.03  -0.07 

Titanium  . . ... ...... ... . . 2.30—2.70 

Aluminum 3.30  -3.70 

Boron  0.006  — 0.015 

Tungsten — 3.30  - 3.70 

Oxygen  OiOlOMax. 

Nitrogen  0.005  Max. 

Hydrogen  O.OOPMax. 

Nickel Remainder 


3.1 .2.1  Powder  from  each  powder  lot  shall  meet  the  carbon,  hyd.ogen,  oxygen,  and  nitrogendimits  before 
blending  to  form  a powder  heat.  If  the  powder  heat  is  to  be  made  up  by  blending  severabpowder  lots, 
procedures  for  blending  and  sampling  for  chemical  a'  alysis  shall  be  as  agreed  upon  by  Purchaser  and  powder 
suppliers. 

3. 1.2.2  Two  or  more  powder  heats  may  be  blended  to  form  a master.powder  blend.  A chemical  analysis 
shall  be  performed  on  each  powder  heat  and  it  shall  conform  to  the  requirements  of3.T.2.  Aipowder  heat 
which  does  not  meet  the  requirements  of  3.1. 2"-hall  not  be  used  in  a master  powder  blend  OKin  any  other  way 
except  as  remelt  stock.  In  addition,  trace  elcmc.it  content  of  consolidated  samples  of  each  powder  heat  shall 
be  determined  for  all  elements  required  per  P29TF19,  CLASS  A.  Results  of  tests  fortraceelements  shall  be 
reported  to  the  Purchaser  per  3.9.1 , but  unless  otherwise  specified  on  the  drawing,  shallinotibe  cause  for 
rejection. 
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3.1 .2.3  All  analyses  made  by  the  manufacturer  to  determine  the  percentages  of  elements  required  by  this 
specification  shall  conform  to  the  requirements  of  3.1.2  and  3. 1.2.1  and  shall  be  reported  in  the  certificate  of 
test  herein  specified. 

3. 1.2.4  An  analysis  may  be  made  on  powder  metallurgy  parts  by  the  Purchaser  and  the  chemical  analysis 
thus  determined  shall  conform  to  the  requirements  of  3. 1.2. 

3.1 .3  Manufacture  of  Metal  Powders 

3.1 .3.1  The  base  alloy  shall  be  produced  by  vacuum  induction  melting.  The  base:alloy  shall  be  converted 
to  powder  by  one  of  the  following  processes: 

a)  Inert  gas  atomization 

b)  Rotating  electrode  process  in  inert  atmosphere 

c)  llydrogcn/vacuum  atomization 

3.1.4  Sieve  Analysis 

3. 1.4.1  All  powder  shall  pass  through  an  ASTM  No.  60  (250 /nn)  sieve.  Once  theiweiglitepercents  retained 
on  ASTM  No.  100  (150  urn) and  No.  325  (45  //m)sieves  have  been  established  and  approved  by-the  Purchaser, 
each  master  blend  of  powder  shall  conform  to  the  approved  analysis  within  plus  oririiinus*five-=percentage 
points. 


3.2  Process  Requirements 

3.2.1  Vendors  shall  inform  the  Purchaser  of  all  manufacturing  processes  and  procHuresmsedUo  produce 
parts  to  this  specification.  Once  the.se  practices  arc  approved,  they  shall  nof  be  changed^without'approval  of 
the  Purchaser. 

3.2.2  Powder  shall  be  obtained  only  from  sources  approved  by  the  Purchaser. 

3.2.3  Hot  isostatic  pressing  shall  be  condut,  cd  per  P21TF7,  CLASS  A.  HIP  conditions  shalLbe 2050° 
±25°F (1 121°  ± 14°C)and  14,000  psi  (97  MPa)minimum  pressure  for  2: hours  minimum. 

3.2.3. 1 Powder  containers  shall  be  fabricated  from  materials  approved  by  the  Purchaser  andsleak  checked 
by  an  approved  method. 

3.2.3.2  Powder  shall  be  loaded  into  the  container  and  the  loaded  container  outgassed  and  sealed  by  a 
method  approved  by  the  Purchaser. 

3.2.3.3  The  autoclave  heat-up/pressuriziition  and  cooling  cycles  shall  be  approved;by  the;Purchaser, 

3.2.4  HIP  parts  shall  have  a density  greater  than  99.9  percent  of  a HIP  plus  forgeduestfsamplejfabricated 
from  the  same  powder  heat  or  master  powder  blend.  The  powder  pressing  Qnd  forging;processcs  used  on  the 
test  sample  shall  be  by  methods  agreed  upon  by  the  Purchaser  and  the  vendor. 

3.2.5  HlPparts  shall  have  a uniform  average  grain  size  of  ASTM  No.  8 or  finer  withmo  appreciable  out- 
lining of  prior  particle  boundaries.  A typical  acceptable  HIP  microstructurc  is  showniiniFiguresJSO. 
Unacceptable  HIP  microstructures  are  shown  in  Figure  121, 
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(a)  Over  Temperature  (>2050°F)  During  HIP  Cycle 


lOOX 


500; 


(b)  Under  Temperature  «2050°F)  During  HIP  Cycle 

Figure  121.  Unacceptable  As-Compacted  Microstructures  Caused  by  Deviation  from 
2050° F HIP  Temperature  - Waterless  Kallings. 


3.2.6  Tlie  j solvus  temperature  shall  be  determined  on  a HIP  partifrom  each  master  powder  blend. 

3.2.7  Rough  machined  parts  shall  be  etched  and  all  surfaces  inspected.  The  etching  method  shalfbe 
approved  by  the  Purchaser.  Parts  containing  large  grains  visible  at  IX  magnification  shall  be  cause  for=rejection. 

3.2.8  Heat  Treatment 

3.2.8.1  All  solution  heat  treat  temperatures  refer  to  metal  temperature  ±15°F  (±8°C).  All  aging  tempera- 
tures refer  to  metal  temperature  ±25°F  (±14°C).  All  times  refer  to  time  atTemperature  for  the  heaviest 
section. 

3.2.8.2  Parts  shall  be  supplied  in  the  solution  heat  treated  and  aged  condition  as  specified  below: 

Solution  heat  treat  at  30°F  (1 7°C)  below  the  y solvus  temperature  (see  3.2.6)  for  1 hour  and  salt  quench 
with  maximum  bath  temperature  of  1000°F  (583°C).  Rapid  ccoling  from  the  solution  temperature 
through  1200°F  (649°C)  is  essential  to  obtain  optimum  mechanical  properties.  Age  at  1600°F  (871°C) 
for  1 hour,  air  cool  to  rooinaemperature,  plus  1200°F  (649°G):for  24  hours  and  air  cool. 

3.3  Mechanical  Properties 

3.3.1  Tensile 

3.3.1 .1  Parts,  heat  treated  per  3;2.8.2,  shall  meet  the  applicablc  minimum  tensile  requirements  shown 
below: 

Room  Temperature 


CLASS  A 

CLASS  B 

CLASSC 

Tensile  Strength,  psi 

230,000 

220,000 

208,000 

Yield  Strength,  (0.2  percentoffset),  psi 

180,000 

170,000 

166,000 

Elongation,  percent  in  2 inches  or  4D 

10 

10 

10 

Reduction  of  Area,  percent 

12 

12 

12 

J200°F 

CLASS  A 

CLASS  B 

CLASSC 

Tensile  Strength,  psi 

207,000 

197,000 

186,000 

Yield  Strength  (0.2  percentoffset),  psi 

167,000 

161,000 

153,000 

Elongation,  percent  in  2 inches  or  4D 

8 

8 

8 

Reduction  of  Area,  percent 

10 

10 

10 

SI  UNITS 


Tensile  Strength,  MPa 
Yield  Strength  .(0.2  percentoffset),  MPa 
Elongation,  percent  in  SO.Smm  or  4D 
Reduction  of  Area, -percent 


CLASS  A 

Room  Temperature 
CLASS  B 

CLAS.se 

1,586 

1,517 

1,434 

1,241 

1,172 

1,145 

10 

10 

10 

12 

12 

12 
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Tensile  Strength,  MPa 
Yield  Strength  (0.2  percent  offset),  MPa 
Elongation,  percent  in  50.8  inin  or4D 
Reduction  of  Area,  percent 


649°C 

CLASS  A 

CLASS  B 

CLASS  C 

1,427 

1,358 

1,282 

1,151 

1,110 

1,055 

8 

8 

8 

10 

10 

10 

3.3.1 .2  The  location  and  CLASS  of  the  required  tensile  specimens  shall  be  as  specified  on  the  drawing. 

3.3.2  Stress  Rupture 

3.3.2TJ  Test  specimens  shall  be  tested  at  1200°F  (648.9°C)  and  150,000  psi  (1034  MPa)  and  shall  meet 
the  applicable  minimum  life  requirement  specified  below.  Tests  shall  be  continued  to  rupture,  and  elongation 
after  rupture,  measured  at  room  temperature,  shall  be  not  lcss  than  three  percent  in  4D. 

Minimuni^Life,  Hours 

GLASSES  A and  B:  50> 

CLASSC:  35 

3.3.2.2  Stress  rupture  testing  may  be  conducted  atistress  levels  higher  than  that  specified  provided  all  other 
test  conditions  are  maintained.  The  specified  life  measurements  and  elongation  requirements  shall  apply=and 
the  stress  shall  remain  constant  while  the  test  is  in  progress.  Specific  stresses  used  shall  be  reported  ihMhe 
powderwendor’s  certificate  of  test. 


3.3.3=Elastic  Creep 


3.3.3:1:  Creep  specimens  shall  be  tested  at  1 IOO°F  (593.3°C)and  150,000  psi  (1034  MPa).  Total  plastic 
dcformation  shall  not  exceed  0.2  percent  after  completion.of  the  time  period  specified  below. 


CLASS  A:  100  hours 

GLASS  B:  50  hours 

CLASS  C:  25  hours 


3.3.4:  Residual  Cyclic  Life 


3.3;4;T  Residual  cyclic  life  tests  shall  be  conducted  and  the  number  of  cycles  to  failure  shall  be  reported  to 
the  Purchaser  in  '.he  certificate  of  test.  Tests  shall  be  conducted  at  1000°F  (537.8°C)  at  a stress  ratio 
(alternating/mean  stress)  of  0.95  ± 0.05  with  a maximum  stress  level  (mean  stress  plus  alternating  stress)  of 
1 00,000ipsi  (689  MPa),  at  a cycle  rate  of  i 0-30  cycles  persininute.  When  specifically  required  by  the  drawing, 
the  residuaLcyclic  life  shall  be  a minimum  of  5000  cycles. 

3.3:5  Cyclic  Rupture  Test 

3.3 .5.1  Cyclic  rupture  testing  shall  be  conducted  at-l200°F  (648, 9®C)  and  the  time  to  failure  anddhe 
number  of  cycles  shall  be  reported  to  the  Purchaser  inithe  certificate  of  test.  The  periodic  intervals  shallconsist 
of  holding  ata  peak  stress  of  145,000  psi  (1000  MPa)  for  90  ± 1 0 seconds.  The  minimum  stress  shalLrange 
froiTvO  to  4800  psi  (0  to  33  MPa),  and  the  time  to  load  or  unload  shall  range  from  5 to  15  seconds.  Wliea 
specifically  required  by  the  drawing,  the  cyclic  rupturcvlife  shall  be  a minimum  of  300  cycles.  . 
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3.4  Hardness 


3.4.1  Parts  shall  liavc  a minimum  hardness  of  Brinell  415  or  equivalent. 

3.5  Grain  Size 

3.5.1  Parts  shall  have  a uniform  average  grain  size  of  ASTM  No.  8 or  finer  with  no  appreciable  prior  particle 
boundary  outlining.  Figure  122  shows  an  example  of  an  acceptable  As-HlP  microstructure.  Unacceptable 
As-HIP  microstructurcs  are  shown  in  Figure  l23.  Glossy  prints  are  available  from  the  Purchaser  on  request. 


3:6  Density 


3.6.1  After  solution  heat  treatment  and  aging,  the  As-HIP  part  density  measured  by  weigliing  the  entire 
part,  shall  meet  or  exceed  the  density  ofthe  HIP  part.  The  density  of  a representative  sample  shall  not  decrease 
more  than  0.3  percent  after  a 4 hour  exposure  at  2200°  ± 15°F  (1200°  ± 8°C)  in  air. 

3.7  Incipient  Melting 

3.7.1  Parts  shall  exhibit  no  evidence  oftincipient  melting. 

3:8  Cleanliness 

3;8.U=  Parts  shall  be  checked  by  quantitative  metallography  in  any  two  representative  areas  for  foreign 
particles.  Foreign  particles  are  defined  as:any  non-metallic  inclusions  (silicates.ialuminates,  etc.)  and  metallic 
particles  other  than  Rene'  95 . The  worsuarea  of  non-metallic  inclusions  in  eachnnspection  sample  shall  not 
exceed:the  inclusion  rating  limits  shownibelow.  Tlie  number  of  foreign  particles  (particles  which  do  not  respond 
to  a-Rene'  95  etch  as  does  Rene'95)  in  each  inspection  sample  shall  be  reported.  If  four  or  more  particles  are 
reported  in  any  inspection  area,  or  if  the  sum  of  the  long  dimensions  of  the  observed  particles  exceeds  0.010 
inch;(Oi254  mm).  Purchaser  approval  shall  be  required  for  acceptance. 

Inclusion  Rating 

Inclusion  Type  Worst  Field 

B-Thin  1.5 

B - Heavy  1.0 

D- Heavy  1.0 


3.9iParFVendor’s  Certificate  of  Test 

3-.9.1  The  part  vendor  shall  certify  all  chemical  and  mechanical  tests  hereln  specified.  A certificate  of  test, 
in  triplicate,  on  each  lot  of  parts  supplied4o  this  specification  shall  be  mailed  by  the  vendor  to  the  machining 
vendor  with  or  preceding  the  shipment  of  parts.  This  certificate  shall  give  the  numerical  results  of  all  required 
tests  and  inspections  and  shall  show  thaf  the  results  are  in  accordance  with  the  requirements  of  this  specifica- 
tion. If  a heat  appears  in  more  than  one^lot  of  parts,  the  numerical  results  of  the  tests  shall  be  recorded  in  the 
certificate  of  test  for  each  of  the  lots  ofparts  in  which  it  appears.  In  addition,the  certificate  shall  contain  the 
following  information: 

a)  Purchase  order  number 

b)  Vacuum  induction  melt  heat  number,  powder  heat  number,  and  master  powder  blend  number 
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*1 ' Figure  122.  Acceptable  Microstructurc  of  As-HIP  + Heat  Treated  Part  — 

J ' Waterless  Kallings. 
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Figure  123.  Examples  of  Unacceptable  Microstructures  Resulting  from  (a)  Under-or 
(b)  Over  Temperature  During  Solution  Treatment  - Waterless  KalUngs. 


c)  Powder  lot  number  and  HIP  lot  number 

d)  Chemical  analysis  and  7'  solvus  temperature  of  each  master  powder  blend 

e)  Sieve  analysis  for  each  master  powder  blend 

0 HeaUtreat  lot  number  for  each  part 

g)  Partlotnumber  for  each  part 

h)  Specificheat  treatment  used 

i)  Specific  stress  rupture  stress  used 

j)  Testing  source  for  tensile,  stress  rupture,  and  creep  specimens 

k)  Density  measurement  values  for  3.2.4  and  3.6.1and  method  used 

l)  Quantity 

m)  Specification  number,  CLASS,  and  revision  number 

3.10  Material  Identification  Record 

3.10.1  A material  identification  record  shall  be  submitted  by  the  machining  vendor  to  the  Purchaser  and 
shall  include  the  following  information: 

a)  Powder-vendor’s  certificate  of  test 

b)  HeatUreat  vendor 

cy  Machining  vendor’s  laboratory  release  reporfnumber 

d)  Specification  number,  CLASS,  and  revision  nuihber 

3.11  Marking 

3.1 1 .1  The;type  of  marking  and  location  shall  be  as  specified  on  the  part  drawing. 

4.  QUALITY  ASSURANCE  PROVISIONS 

4.1  The  certificate  of  test  for  each  lot  or  lots  within  a shipment  shall  report  the  data  required  by4liis 
specificationTornhe  number  of  sample  items  or  tesf  specimens  as  required  by  this  specification,  or.as 
additionally  directed  by  the  Purchaser. 

4.2  ChemicaLAnalysis 

4.2.1  Chemical  analyses  shall  be  conducted  in  accordance  with  standard  ASTM  methods,  or  by  melhods 
agreed  upon  bysPurchaser  and  vendor.  Sampling  proceduresTor  powder  lot  analyses  shall  be  conducted  per 
ASTMB215. 

4.2.2  Chemical  check  analysis  limits  shall  be  in  accordance  with  AMS  22^9. 

4.3  Mechanical  Properties 

4.3.1  Testing  vendors  and  test  specimen  machining  sources  shall  be  subject  to  approval  by  the  Purchaser. 

4.3.2  AlLtesting  shall  be  conducted  in  accordance  witluASTM  methods  unless  otherwise  agreed  upon  by 
the  vendor-and  the  Purchaser.  All  parts  received  are  subjecLto  cut-up  upon  receipt  by  the  Purchaserfand  shall 
have  the  requlrediproperties  throughout  the  parts. 

4.3.3  Unless  otherwise  specified,  parts  which  do  not  have  integral  test  rings  shall  be  evaluated  by;tcsting  a 
minimum  of  one  part  per  heat,  per  heat  tre.ited  lot. 
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4.3.4  Tensile  and  stress  rupture  specimens  sliall  be  machined  from  integral  test  rings  or  parts  representing 
1 ) each  heat  or  master  blend  oTmatcrial  not  previously  tested,  2)  each  part  lot  not  previously  tested,  and 

3)  each  solution  hcal  treat  lot  of  parts  or  as  otherwise  specified. 

4.3.4. 1 Parts  with  integral  test  rings  shall  be  cut  up  periodically  and  tested  to  the  requirements  of  this 
specification.  The  frequency  of  testing  and  the  number  and  types  of  tests  shall  be  as  designated  by  the 
appliaible  Quality  Control  organization  of  the  Purchaser  in  the  Quality  Plan.  The  location  of  testspecimens 
shall  be  as  indicated  on  the  specific  part  number  drawings  as  available  from  the  Purchaser,  or  as  otherwise 
specified.  Results  of  tests  with  alf  pertinent  identification  shall  be  reported  to  the  Purchaser  in  a certificate 
of  test.  In  the  event  significant  changes  to  the  metal-working  process  are  planned,  which  may  affect  the  abilit 
of  the  resultant  part  to  meet  the  properties  of  this  specification,  a representative  part  shall  be  sectioned  and 
tested  for  conformance  to  requirements. 

4.3.5  Tensile 

4.3.5. 1 Tensile  specimens,  taken  per  4.3.4  and  tested  in  accordance  with  the  applicable  requirements  of 
ASTM  Ii8  and  E21,shall  meet  the  tensile  requirements  of  3.3.1. 

4.3.5.2  For  referee  tensile  tests,  aistrain  rate  of  0.005  inch  per  inch  (0.005  mm  per  mm),petminute  through 
the  0.2  percent  yield  strength  shall  be  used. 

4.3.6  Stress  Rupture 

4.3.6.1  Stress  rupturc=specimcns,itakcn  per  4.3.4  and  tested  in  accordance  with  the  applicable  requirements 
of  ASTM  El  39,  shall  meet  theiStress;rupture  requirements  of  3.3.2. 

4.3.6.2  Stress  Rupture  SpecimensTor  Referee  Tests.  For  referee  tests,  smooth  specimens  shall  conform  to 
the  dimensions  and  proportions  ofa  standard  0.250  inch  (6.35  mm)  diameter  test  bar  per  ASTM  El  39  except 
that  a gage  diameter  as  small  as;0.200  inch  (5.08  mm),  with  other  dimensions  proportional,;niay  be  used  in 
order  to  maintain  a thread  diametef4o  gage  diameter  ratio  of  2.5  minimum, 

4.3.7  Plastic  Creep 

4.3.7. 1 Creep  test  specimens,  taken  per  4.3.4.1  and  tested  in  accordance  with  the  appljcablerrequirements 
of  ASTM  El  39,  shall  meet  theiplastic  creep  requirements  of  3.3.3.  Strain  measuring  techniques  shall  be 
approved  by  the  Purchaser. 

4.3 .7 .2  Unless  otherwise  agreedupon  by  the  Purchaser  and  the  vendor,  creep  specimens  shalfbe  of  standard 
proportions  with  a 0.250  inch  (6.35jmm)  diameter  at  the  reduced  parallel  section  and  shallihave  a 2.000  ± 

0.005  inch  (50.80  ±0.13  inm)  gageflength. 

4.3.8  Residual  Cyclic  Life 

4.3.8. 1  Residual  cyclic  life  tesUspecimens,  taken  per  4.3.3  or  4.3.4. 1 , shall  be  machined  to  the  configuration 
and  dimensions  shown  in  Figure  124,  The  reduced  section  of  the  specimen  shall  be  machinediusing  low  stress 
grinding  techniques  to  prevent  theTormation  of  high  residual  stresses  in  the  surfaces.  Pre-cracking  of  the 
specimens  shall  be  conducted  at  room  temperature  (high  cycle  mode  axial  or  bending  is  acceptable)  using  a 
stress  not  exceeding  90,000  psi  (621  MPa)  until  the  crack  length  is  0.060  ± 0.005  inch  (1 .52  ± 0.1 3 mm). 
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RADM 

2PLCS 


SURF  K 


F2PLCS 
G 2 PLCS 


DIAE 
2 PLCS 


-SURF  Y 
-H 
2 PLCS 
SURFX 


.65  1.40  0.998  ; 0.7495,  0.745 

.85  1.60  1.002  ; 0.7505  0.755 


SI  UNITS 


,9  35.6  2 

.0  40.6  2 


24 , : 4;97 
26i  5.03 


R 

W 

0.49 

0,51 

RRj 

15 

25 

26; 

.2 

27i 

.8 

NOTES: 

1 . All  dimensions  are  in  inches,  with  SI  units  in  millimeters. 

2.  Unless  otherwise  specified,  all  surfaces  are  32. 

3.  Remove  burrs  and  sharp  edges  with  0.015  inch  (0.381  mm)  max,  radius  or  chamfer. 

4.  Diameters  "C"  and  "E"  to  be  concentric  about  "Z"  within  0.001  inch  (0.025  rhm); 
diameter  "D"  to  be  concentric  about  "Z"  within  0.0005  inch  (0.013  mm). 

5.  Surfaces  "K"  and  "P"  to  be  perpendicular  to  "Z"  within  0.001  inch  (0.025  mm). 

6.  Surfaces  "X"  and  "S"  to  be  parallel  within  0.001  inch  (0.025  mm);  surfaces 
"Y"  and  "T''  to  be  parallel  within  0.001  Inch  (0.025  mm). 

7.  Radius  "R"  and  g^  section  to  blend  smoothly  with  no  undercuts. 

8.  EDM  surface  notch  at  mid  length  or  centerline  of  surface  "S". 

Notch  dimensions  to  betUength  ■ 0.040i0.(X)1  inch  (1,02^.025  mm);  L to  "Z" 
Width  » 0.002±0.001  inch  (0.051  ±0.025  mm) 

Depth  “ 0.01 0±O .0005  inch  (0.25010.01 3 mm) 

9.  Lathe  centers  permitted;:0,2b  inch  (5.08  mm)  max.  depth. 


Figure  1^4.  Rectangular  Gage  Section  Residual  Cyclic  tife  Test  Specimen. 


i 
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4.3.9  Cyclic  Rupture 

4.3.9. 1 Cyclic  rupture  lest  specimens,  taken  per  4.33  or  4.3.4. 1 shall  be  tested  in  accordance  with  all 
requirements  of  ASTM  E139.  Tests  shall  be  conducted  on  conventional  rupture  machines  that  have  been 
adapted  to  automatically  load  and  unload  the  specimen  load  assembly  periodically.  Specimens  shall  be 
machined  to  the  configuration  and  dimensions  shown  in  Figure  125  with  a Kj  = 2.0  stress  concentration  in 
the  gage  section.  Tlie  notch  shall  be  machined  using  low  stress  grinding  techniques  to  prevent  the  formation 
of  high  residual  stresses  in  the  surfaces. 

4.4  Hardness 

4.4.1  Hardness  tests  shall  be  conducted  in  accordance  with  ASTM  ElO  or  E18  as  applicable. 

4.4.1 .1  Hardness  of  wheels  shall  be  tested  at  two  points  180°  apart  on  the  rim  and  at  one  point  near  the 
center  of  the  web.  Torque  rings  shall  be  tested  at  three  points  120°  apart.  Turbine  shafts  shall  be  tested  at 
two  points  180°  apart  at  the  ends  of  the  shaft.  Seals  shall  be  tested  at  three  points  120°  apart.  Location  for 
hardness  checks  on  other  parts  shall  be  as  shown.ontthe  part  drawing. 

4.5  Grain  Size 

4.5.1  Grain  size  shall  be  determined  by  comparison  of  a polished  and  etched  specimen  with  the  chart  in 
ASTM  El  12.  Representative  parts  from  each;heat,.each  partTot,  and  each  solution  heat  treat  lot  shall  be 
examined  for  grain  size  determination.  In  caseiof  disagreement  on  grain  size  by  the  comparison  procedure, 
the  intercept  (Heyn)  procedure  shall  be  used. 

4.6  Density 

4.6.1  Density  measurements  shall  be  made  in  accordance  with  a method  agreed  upon  by  the  Purchaser 
and  the  vendor. 

4.7  Incipient  Melting 

4.7.1  Determinations  for  evidence  of  incipient  melting  shall  be  performed  by  metallographic  examination 
of  polished  specimens  at  lOOX  and  500X  magnifications. 

4.8  7' Solvus  Temperature 

4.8.1  The  7'  solvus  temperature.shall  be  determined  metallographically  as  approved  by  the  Purchaser. 

4.9  Cleanliness 

4.9.1  The  non-metallic  inclusion  content  shall  be  determined  per  ASTM  E45,  Plate  111,  Method  D. 
Metallic  foreign  particle  contamination  shall  be  determined  by  metallographic  examination  of  the  same 
sample  at  lOOX  magnification. 

4.10  Ultrasonic  Inspection 

4.10.1  Parts  shall  be  ultrasonic  inspected. per;P3TFl,  CLASS  A,  in  accordance  with  limits  specified  on 
the  drawing. 
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SI  UNITS 


1 

90,2 

45.2 

6.883 

9.017 

6.375 

12.649 

3.6 

18.3 

5.3; 

0.935 

87.6 

43.7 

6,833 

8.966 

6.325 

12.573 

2.5 

17.3 

4.3 

0.909 

NOTES; 

1 . Remove  burrs  and  sharp  edges,  0.015  inch  (0.381  mm)  max.  radius  or  chamfer. 

2.  All  diameters  to  be  concentric  within  0.002  inch  (0.51  mm)  FIR. 

3.  Lathe  centers  permitted,  0.20  inch  (5.08  mmjmax.  depth 

4.  Radius  and  gage  sections  to  blend  smoothly  without  undercut, 

5.  All  dimensions  are  in  inches:  with  metric  conversion  in  millimeters, 

6.  Surface  roughness  shall  be  32  or  better  unless  indicated  otherwise. 


Figure  125.  Cyclic  Rupture  Test  Specimen. 
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4.10.2  If  no  limits  are  specified  on  the  drawing,  allowable  limits  for  all  indications  shall  conform  to  the 
requirements  of  P3TF1  . CLASS  A. 

4.1 1 Fluorescent  Penetrant  Inspection 

4.1 1 .1  After  completion  ofall  processing  operations,  all  parts  shall  be  fluorescent  penetrant  inspected  per 
P3TF2,  CLASS  D,  in  accordance  with  limits  specified  on  the  drawing. 

4.1  1 .2  Fluorescent  penetrant  indications  may  be  reworked  providing  the  reworked  area  is  macroetched 
prior  to  fluorescent  penetrant  inspection  per  the  applicable  drawing  requirements.  Etching  procedures  shail 
be  approved  by  the  Purchaser. 

4.1 1 .3  Rework  of  fluorescent.penetrant  indications  shall  fall  within  the  blend  limits  of  the  applicable 
drawings.  All  blends  shall  be  smooth  in  contour  with  no  sharp  breaks  or  scratches  within  them. 

4.1 1 .4  No  rework  of  fluorescentspenetrant  indications  is  permitted  on  the  pressure  faces  or  root  radii  of 
dovetail  serrations. 

4.1 1 .5  When  specified  on  the  drawing,  finished  machined  parts  shall  be  etched  on  all  surface  areas.  prior 
to  fluorescent  penetrant  inspection,;by  proceduies  approved  by  the  Purchaser. 

5.  PREPARATION  FOR  DELIVERY 

5.1  Packing 

5.1.1  All  parts  shall  be  suitably;packed  to  prevent  damage  or  loss  in  shipment. 

5.2  Marking 

5.2.1  Each  shipmenfshall  be  le^bly  marked  with  the  purchase  order  number,  manufacturer’s  name, 
part  name,  and  drawing  number. 

6.  NOTES 

6.1  Classification  of  Characteristics 

CRITICAL:  3.4.1, 4tl0;2 

MINOR:  All  other  paragraphs 

6.2  Intended  Usage 

6.2.1  Various  tensile  strengthslevels  have  been  designated  by  the  usage  of  CLASS  letters  tOireflcct 
property  variations  due  to  sectiomsize  and  processing. 

6.3  The  Data  for  Ordering  Sheetshown  below  is  listed  for  information. 

DFO-C50TF64  Premium  Quality  Powder  Metallurgy  As-HlP  Rene'  95  Alloy  Parts 


292 


MANUFACTURE  OF  RENE'  95  ALLOY  POWDER 
(PITF47-SI) 


1.  SCOPE 

1 .1  Scope.  This  specification  presents  requirements  for  the  manufacture  of  Rene'  95  alloy  powder. 

1.1.1  Classification.  This  specification  contains  the  follov/ing  class: 

CLASS  A 

1 .2  Definitions.  For  purposes  of  this  specification,  the  following  definitions  shall  apply: 

Master  Powder  Blend  - A blend  of  one  or  more  powder  heats  or  powder  lots. 

Powder  Heat  - Tlie  blend  of  powders  producedTrom  one  or  more  powder  lots  of  a single  original 
vacuum  induction  melted  heat  of  the  alloy. 

Powder  Lot  - Powder  produced  during  a single  cycle  ofithe  powder  production  equipment  and 
screened  to  the  specified  size. 

Purchaser  - The  procuring  activity  of  the  AircraftiEn^ne  Group  (AEG)  of  the  General  Electric 
Company  that  issued  the  procurement  documehtJinvojcihg  this  specification. 

2.  APPLICABLE  DOCUMENTS 

2.1  The  following  documents  shall  form  a part  ofahis  specification  to  the  extent  specified  herein.  Unless 
a specific  issue  is  specified  the  latest  revision  shall  apply. 

AMERICAN  SOCIETY  FOR  TESTING  AND  MATERIALS 

ASTM  B212  Apparent  Density  of  MetaliPowders 

A.STM  B214  Sieve  Analysis  of  GranuIariMetal  Powders 

ASTM  B2 1 5 Sampling  Finished  Lots  oFMctaliPowders 

GENERAL  ELECTRIC  SPECIFICATIONS 

E50TF126  Determination  of  the  Density  of  Engine  Parts 

P7TF5  Containerization  and  Hotelsostatic  Pressing  (HIP)  of  Rene'  95  Alloy  Powder 

P29TF19  Acceptability  Limits  for  Tracc.Elements  in  Nickel  and  Cobalt  Base  Superalloys 

3.  REQUIREMENTS 

3.1  Process  Sheets.  The  powder  vendor  shall  have  documented  instructions  defining  the  processing 
methods  and  the  routing  In  the  manufacturing  cycle.  for  the  processing  and  evaluation  of  Rene'  95  alloy 
powder  as  described  in  this  specification. 

3.2  Accountability.  The  powder  vendor  shall  forward  touhe  Purchaser  a record  of  the  disposition  of  each 
powder  lot,  powder  heat,  or  master  powder  blend,  which:is:used;on  AEG  parts. 
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3.3  Raw  Material.  Powi!?r  shall  be  produced  from  vacuum  induction  melted  ingot,  virgin  melt  stock,  or 
revert  material. 

3.3.1  The  alloy  powder  vendor  shall  establish  specifications  for  the  procurement  of  raw  material,  which 
shall  include  certification  and  testing.  Traceability  shall  be  assured  for  all  raw  material,  including  the  type 
and  percentage  of  revert,  that  is  used  to  make  a powder  lot. 

3.3.2  llie  surface  of  the  vacuum  induction  melted  ingot  shall  be  ground  in  accordance  with  a procedure 
approved  by  the  Purchaser  to  remove  surface  contamination  resulting  from  the  ingot  casting  operation.  After 
grinding,  the  ingot  shall  be  cleaned  to  remove  residue  from  the  grinding  operation  using  a procedure  approved 
by  the  Purchaser. 

3.3.3  Tl.e  ingot  source  shall  employ  a cropping  procedure  approved  by  the  Purchaser. 

3.4  Melting  Control.  Sources  for  vacuum  induction  nielted  ingot  shall  maintain  controls  to  suppiy 
material  suited  to  the  atomization  processes  employed  from  the  standpoint  of  segregation  and  inclusions. 

Inert  gas  atomizing  sources  shali  maintain  similar  control  for  the  vacuum  induction  melting  proci  s for 
consistently  producing  an  alloy  powder  that  will  yield  compacts  which  meet  all  cleanliness  requireivents 
of  this  specification. 

3.4.1  Tlie  melting  procedure  shall  be  documentedito  include  specific  provisions  for  melting  abnormalities 
and  the  conditions  under  which  a melt  will  be  aborted.  The^power  input,  holding  temperature  and  time,  and 
vacuum  pressure  shall  be  measured  and  recorded  at-frequentintervals  throughout.the  melting  cycle. 

3.5  Powder  Atomization.  Tlie  base  alloy.shall  be:convefted  to  powder  by  one  of  the  following  processes: 

a)  Inert  gas  atomization 

b)  Rotating  electrode  process  in  inert  atmospherc 

3.5.1  Unless  otherwise  approved  by  the  Purchaser,  whenian  atomization  unit  previously  used  for  a 
different  alloy  is  used  to  produce  Rene'  95>powder,  trace  element  content  shall  be  determined  on  each  powder 
lot  until  conformance  to  P29TF19,  CLASS  A,  is  obtained.  Determinations  shall  then  be  made  on  each  powder 
lot,  powder  heat,  or  each  master  powder  blend  as  specifiedrin  3.7.1.  Non-conforming  powder  lots  shall  not  be 
mixed  with  other  material  to  produce  powder  heats  or  master  powder  blends. 

3.5.2  The  alloy  powder  manufacturer  shall,  as  parUof  the  atomizing  procedure,  define  the  equipment  and 
parameters  to  include  gas  pressure,  number  of  gas  nozzles  and  their  position,  orifice  size  and  shape,  and 
distance  and  orientation  with  respect  to  the  molten  stream.  The  tundish  size  and  shape  shall  be  established 
and  maintained  as  a constant,  along  with  the  heightof  the  molten  metal  in  the  tundish  during  the  pour. 

3.6  Sieve  Analysis.  A minimum  of  99 .9=percenUofeach<powder  lot  shall  pass  through  an  ASTM  No.  60 
(250  nm)  sie/t'.  Once  the  weight  percents  on  ASTM  No.  100  (150vim)and  No.  325  (45  /am)  sieves  have  been 
established  ano  approved  by  the  Purchaser,  each  powderTol,  powder  heat,  or  master  powder  blend  shall 
conform  to  the  approved  analysis  within  the  limits  agreed  upon  by  the  vendor  and  the  Purchaser. 

3,6.1  The  powder  producer  shall  establish  a procedureTor  screen  inspection,  maintenance  and  replacement. 
This  procedure  shall  be  approved  by  the  Purchaser, 

3.7  Chemical  Composition.  Powder  from  each  powder  lotshall  meet  the  carbon,  hydrogen,  oxygen  and 
nitrogen  limits  before  blending  to  form  a powder  heat.  If  the;powder  heatis  to  be  made  up  by  blending 
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several  powder  lots,  procedures  for  blending  and  sampling  for  chemical  analysis  shall  be  as  agreed  upon  by 
Purchaser  and  powder  suppliers. 

3.7.1  A chemical  analysis  shall  be  performed  on  each  powder  lot  or  heatand  it  shall  confonn  to  the 
requirements  of  the  procurement  part  specification.  A powder  lot  or  heat  which  does  not  meet  the  require- 
ments of  the  procurement  specification  shall  not  be  used  except  as  remelt  slock.  Trace  element  contentof 
consolidated  samples  of  each  powder  lot  or  heat  shall  be  determined  for  all  elements  required  per  P29TF19, 
CLASS  A.  When  lots  or  heats  are  blended  to  form  a master  powder  blend,  trace  elementanalyses  may  be 
conducted  on  the  master  powder  blend  rather  than  on  each  separate  powder  lot  or  heat.  Results  of  tests  for 
trace  elements  shall  be  reported  to  the  Purchaser  per  3.16,  but  unless  otherwise  specified,  shall  not  be  cause 
for  rejection. 

3.8  Apparent  Density.  The  apparent  density  of  powder  lots,  powder  heats,  or  master  powder  blends  shall 
be  determined  and  reported  per  3.16. 

3.9  Outgassing.  Removal  of  inert  gasses  associated  with  the  atomizing  process  shall  be  accomplished  using 
a procedure  approved  by  the  Purchaser.  The  outgassing  orocedure  shalfbe  documented  and  capableJoAbeing 
monitored  in  a manner  which  measures  the  consistency  of  the  process. 

3.10  Blending.  The  powder  blending  procedure  including  powder  input  weight,  equipment  description, 
environment,  time  and  revolutions  per  minute  .shall  be  documented. 

3.1 1 Contamination  Control.  All  processing  procedures  shall  be  carefully  controlled'to.minimize^contamina- 
tion  during  all  manufacturing  cycles. 

3.11.1  No  alloys  containing  intentional  additions  of  the  elements  controlled  by  P29TF 19,  GLASS  A,  shall 
be  produced  in  the  equipment  used  to  make  Rene'  95  without  written  approval  of  the  Purchaser. 

3.1 1.2  Each  powder  lot,  powder  heat,  or  master  powder  blend  shall  be  evaluated  foncontaminahts  by 
examination  of  a HIP  sample  from  each  powder  lot,  powder  heat,  or  master  powderblend.  This  sample  shall 
be  HiP  according  to  conditions  outlined  in  P7TF5,  CLASS  A.  A minimum  of  400  square  inches  (0.258  m^) 

of  the  electrochemical  machined  HIP  sample  surface  area  shall  be  examined  for  protrusions  and;pits.  Allowable 
limits  for  protrusions  and  pits  shall  be  as  agreed  upon  by  the  Purchaser  and  the  vendor. 

3.1 1.3  The  alloy  powder  producer’s  specifications  for  melt  crucibles  and  other  ceramic  type  components 
and  materials  used  throughout  the  process  shall  be  approved  by  the  Purchaser.  New  crucibles,  and  crucibles 
which  have  been  used  for  other  alloys  shall  be  conditioned  by  a method  agreed  upon  by  thewendor^and  the 
Purchaser.  When  not  in  use,  crucibles  shall  be  stored  in  polyethylene  or  other  material  approved  by=the 
Purchaser. 

3.1 1 .4  Special  instructions  shall  exist  for  cleaning  all  equipment  surfaces  which  may  come  into  contact 
with  either  the  raw  material,  molten  alloy  or  powder.  This  includes  melting  and  atomizing  chambers,;powder 
collection  and  transfer  facilities,  sieves,  blenders  and  storage  containers.  The  Purchaser  shall  approve  all 
cleaning  procedures. 

3.1 1 .5  Unless  otherwise  approved  by  the  Purchaser,  the  powder  producer  shalLemploy  a containerizcd 
process  througliout  the  powder  manufacturing  and  handling  cycle,  including  preparatiomfoKshipment, 

3.1 1.6  Storage  procedures  for  raw  material  and  alloy  powder  shall  be  approved  by  theiPurchaser. 

Containers  shall  be  constructed  of  an  approved  material.  They  shall  be  free  of  burrs  throughoutsthe  interior 
and  free  from  sharp  corners  that  can  entrap  particles. 
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3.12  Density  Standard.  Density  detcnninattons  shall  be  made  on  a representative  specimen  taken  from  the 
sample  produced  in  3.1 1.2.  The  density  of  the  specimen  shall  be  determined  in  the  as-compacted  condition 
and  the  specimen  then  re-HlP  per  P7TF5,  CLASS  A,  and  the  density  again  determined.  The  density  of  the 
double  HIP  specimen  shall  be  used  as  the  theoretical  density  standard  for  the  particular  powder  lot,  powder 
heat,  or  master  powder  blend. 

3.13  y Solvus  Procedure.  Tlic  y'  solvus  shall  be  determined  for  each  powder  lot,  powder  heat,  or  master 
powder  blend  to  within  ±5°F  (±3'*C)  utilizing  specimens  taken  from  the  sample  made  in  3.1 1 .2.  One  specimen 
shall  be  annealed  (iS^F  (±3^C)  temperature  control]  for  30  minutes  minimum  at  each  temperature  in  the 
temperature  range  of  2090°  F (1 143°C)  to  above  the  y solvus  at  10°F  (6°C)  increments.  The  specimens  shall 
then  be  polished  and  etched  to  delineate  y'  solvus  atgrain  boundaries  and  the  y solvus  shall  be  considered  the 
lowest  temperature  at  which  the  y 'is  completely  solutioned  or  significant  (Figure  126)  grain  growth  occurs. 
Alternate  methods  may  be  used  for  7 'solvus  determination  with  prior  approval. 


3.14  Maintenance  and  Calibration.  The  powder  producer  shall  have  a set  of  procedures  for  the  operation 
maintenance,  calibration  and  care  of  equipment  andJnstrumentation.  Instrumentation  used  to  monitor  and 
control  the  powder  process  shall  be  calibrated  periodically.  Dctailedfrecords  shall  be  maintained  on  the  calibra' 
tion  of  all  instruments,  and  on  the  maintenance  of  standards  used  for  calibration. 

3.15  Inspection  and  Tests.  All  inspections  anduests^required  by  this  specification  shall  be  performed  per 
a Quality  Control  Plan  approved  by  the  Pur  baser.  The;results  of  these  inspections  or  tests  shall  meet  the 
requirements  of  this  specification  and  the:appIicable;portions  of  the  procurement  specification. 

3.16  Records.  The  following  information  and  test  results  for  powder  lots,  powder  heats,  and  master  pow- 
der blends  shall  be  supplied  to  the  Purchaser: 

a)  Vacuum  induction  melt  heat  number,  powdefiheat-number,  and  master  powder  blend  number 

b)  Chemical  analyses  results 

c)  Sieve  analyses  results 

d)  Contamination  control  results 

e)  Disposition  of  each  powder  lot,  powder  heat,  orfmaster  powder  blend 
0 Disposition  of  residual  oversize  powder  from  each  powder  lot 

g)  Apparent  density 

h)  y solvus  temperature 

i)  Density  standard 

3.16.1  In  addition,  the  powder  vendor  shall  maint#  the;following  information  for  Purchaser  surveillance: 

a)  Melting  parameters 

b)  Atomization  parameters 

c)  Outgassing  procedures 

d)  Blending  procedures 

e)  Process  description  and  control  procedures  fonany  contaminant  removal  step  not  called  out  by  this 
specification 

0 A sequential  list  of  all  alloys  processed  through  the  equipment  used  to  make  the  powder  lot,  powder 
heat,  or  master  powder  blend 

g)  A list  of  consumable  materials  used  in  themanufacture  of  each  powder  lot,  powder  heat,  or  master 
powder  blend 

h)  Source  control  practice  for  all  consumable  materials  usediia  the  manufacture  and  handling  of  the 
powder. 
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:}  SIGNIFICANT  GRAIN  GROWTH  AFTER  ANNEALING  ABOVE  7'  SOLVUS 

r : 

■ ! ( 

i 

I Figure  126,  The  Difference  in  Microstructure  by  AnneaUngiBelow  and  Above  7 Solvus. 
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4.  QUALITY  ASSURANCE  PROVISIONS 


4.1  General 

4 1.1  A vendor  shall  obtain  prior  approval  of  all  processing,  control  and  inspection  procedures  used  in  the 
manufacture  of  Rene'  95  powder  which  include,  but  arc  not  restricted  to,  items  covered  in  this  specification. 
The  vendor  shall  further  demonstrate  capability  in  implementing  all  of  the  approved  procedures  used  in  the 
manufiicture  and  control  of  powder  quality. 

4.1.2  New  Producer  Qualification  and  Corrective  Action  Assurance 

4.1 .2.1  For  new  producer  qualification  and  requalification  of  producers,  the  alloy  powder  vendor  shall 
successfully  complete  the  processing  and  evaluation  of  three  consecutive  powder  lots  in  strict  compliance  with 
all  the  requirements  of  this  specification.  Each  powder  lot  shall  be  evaluated  per  4.1 .2.2  through  4.1 .2.3  and 
the  results  shall  be  submitted  to  the  Purchaser  for  approval. 

4.1 .2.2  Quantitative  metallography  shall be.conducted  on  a loose  powder  sample  to  determine  the  presence 
of  foreign  particles.  Allowable  limits  for  foreign  particles  shall  be  as  agreed  upon  by  the  Purchaser  and  the 
vendor.  The  sample  size  and  the  spccific,procedure  used  shall  be  approved  by  the  Purchaser. 

4.1 .2.3  A contamination  check  shall  also  be.perforined  on  each  powder  lot  by  preparing  a sample  in 
accordance  with  4.5.  A minimum  of  400  square  inches  (0^258  m^ ) shall  bo  examined  for  each  powder  lot 
and  the  minimum  total  surface  area  requiredifor  certification  shall  be  2000  square  inches  (1.29  m^). 

Allowable  limits  for  protrusions  and  pits  based-on -2000  square  inches  (1 .29  m^ ) shall  be  as  agreed  upon  by 
the  Purchaser  and  the  vendor. 

4. 1.2.4  Requalification  in  accordance=with4.1.2.i  througli4.1.2,3  shall  be  mandatory  if  contamination 
of  the  powder  exceeds  the  limits  set  forth  in.3;l  1 on  two  consecutive  or  more  than  one  in  ten  powder  lots. 
Requalification  shall  also  be  required  whenever  ^ process  approved  per  4.1 .1  is  changed,  except  as  authorized 
in  writing  by  the  Purchaser. 

4.2  Sampling.  Sampling  procedures  fonpowderanalyses  shall  be  conducted  per  ASTM  B2  IS  or  by  a 
method  approved  by  the  Purchaser. 

4.3  Sieve  Analysis.  Sieve  analyses  shall  be  conducted  in  accordance  with  ASTM  B214. 

4.4  Apparent  Density.  Apparent  density  determinations  shall  be  conducted  per  ASTM  B212. 

4.5  Contamination  Control.  A sampleishall  be  taken  from  each  master  powder  blend  and  the  sample  shall 
be  hot  isostatic  pressed  (HIP.)  per  P7TF5 , CLASS  A.  Unless  otherwise  agreed  upon  by  the  vendor  and  the 
Purchaser,  the  HIP'sample  shall  be  5.0  tofStS  inches  (127.0  to  138.7  mm)  in  diameter  and  1 .0  to  1 .5  inches 
(25.4  to  38.1  mm)  in  thickness,  with  parallel  faces,  and  made  using  the  same  powder  manufacturing  containeri- 
zation and  HIP  procedures  as  are  usedUo  make  parts  from  the  evaluated  master  powder  blend.  The  surface 
shall  be  electrochemical  machined  and;remachined,  if  necessary,  to  provide  a minimum  total  surface  area  of 
400  square  inches  (0.258  m^ ) for-examination  by  a method  agreed  upon  by  the  vendor  and  the  Purchaser. 
Electrochemical  machining  shall  be  by^annethod  agreed/upon  by  the  vendor  and  the  Purchaser. 

4.6  Density  Standard 

4.6.1  All  density  determinations  shall  be  inade  in  accordance  with  E50TF126,  CLASS  A. 
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4.7  Sample  Retention.  A I pound  .sample  of  screened  powder  from  the  powder  lot,  powder  heat,  or  the 
master  powder  blend  shall  be  stored  in  a sealed  container  and  retaincd’by  the  powder  producer  for  a minimum 
of  3 years. 

4.8  Incoming  Raw  Material.  The  powder  producer  shall  establish  a inethod  for  approval  and  release  of 
incoming  raw  material. 

5.  PREPARATION  FOR  DELIVERY 

5. 1 Packing.  Powder  shall  be  packaged  under  controlled  conditions  in  sealed,  moisture-proof  containers 
to  protect  it  from  damage  or  contamination  during  shipment  and  under  normal  storage  conditions. 

5.2  Marking.  Each  container  shall  be  suitably  marked  with  the  following  information: 

a)  Purchase  order  number 

b)  Net  weight 

c)  Powder  lot,  powder  heat,  or  master  powder  blend  number 

d)  Manufacturer’s  name 

e)  This  GE  specification  number,  CLASS  and  revision  number 


CONTAINERIZATION  AND  HOT  ISOSTATIdBRESSING  (HIP) 
OF  RENE'  95  ALLOY  POWDER 
(P7TF5-S1) 


I,  SCOPE 

1.1  Scope.  This  specification  presents  requirements  for  containerization  and  hot  isostatic  pressing  of 
Rene'  95  alloy  powder  forging  preforms  and  HIP  parts. 

1.1.1  Classification.  This  specification  contains  the  following  classes: 

CLASS  A:  I IIP  Parts 

CLASS  B:  Forging  Preforms 

The  requirements  specified  herein  apply  to  all  classes  unless  otherwise=specified. 

1.2  Definitions.  For  purposes  of  this  specification,  the  following  definitions  shall  apply: 

Capability  - The  words  “shall  be  capable  of’  or  “capability  test’’  indicatenharacteristics  or  properties 
required  in  tlie  product  for  which  testing  of  each  lot  is  not  required.  Flowever,  if  such  testing  is 
performed  by  tlie  Purcliaser,  material  not  conforming  to  the  requirements  shall  be  subject  to  rejection. 

Container  - Tlie  total  vessel  separating  the  powder  from  the  pressurizing  gas. 

Part  Lot  - Parts  prof>uccd  in  a single  autoclave  run. 

Purchaser  •-  The  procurement  activity  of  the  AircrafLEngineGroupTAEG)  of  the  General  Electric 
Company  that  issued  the  procurement  documentinvoking  this  specification. 
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Working  Zone  - The  volume  of  tlie  uniformly  heated  region  of.a  preheat  furnace  or  an  autoclave  which 
may  be  occupied  by  parts  or  material  to  be  hot  isostatically  pressed. 

2.  APPLICABLE  DOCUMENTS 

2.1  The  following  documents  shall  form  a part  of  this  specification  to  the  extent  specified  herein.  Unless 
a specific  issue  is  specified,  the  latest  revision  shall  apply. 

AMERICAN  SOCIETY  FOR  TESTING  AND  MATERIALS 

ASTM  E230  Temperature-Electromotive  Force  (EMF)  Tables  for  Thermocouples 

GENERAL  ELECTRIC  SPECIFICATIONS 

P1TF47  Manufacture  of  Rene'  95  Alloy  Powder 

3.  EQUIPMENT 

3.1  Autoclave 

3.1 .1  CLASS  A:  Autoclaves  shall  be  of  the  inert  gas  pressurizatiomtype,  inlernally  heated,  cold  wall 
pressure  vessel, 

CLASS  B;  .Autoclaves  shall  be  of  the  inert  gas^pressurizationType. 

3.2  Fixtures 

3.2.1  Suitable  jigs,  trays,  baskets,  hangers,  racks  or  other  fixtures  shall!be;provided  as  necessary  for  proper 
handling  and  positioning  of  parts  or  materials  to  be  hot  isostatic  pressed.  All  fixtures  shall  be  made  of  suitable 
materia!  which  is  compatible  with  the  parts  or  materials  to  be  treated  or  adequately  isolated  to  assure  that 
undesirable  reactions  or  mechanical  distortion  do  not  occur. 

3.3  Containers 

3.3.1  Powder  containers  .shall  be  made  from  materials  approved  by  the  Purchaser. 

3.4  Temperature  Measurement  and  Control  Devices 
3.4;1  Temperature  Measurement 

3.4.1 .1  Temperature  measuring  and  recording  devices  shall  be  providedTor  the  autoclave.  The  devices 
shall  be  of  the  potentiometric  type,  shall  use  thermocouple  sensors,  and  shalliprovide  permanent  records  of 
the  temperature  during  the  entire  treatment. 

3.4.2  Temperature  Control 

3.4.2. 1 A sufficient  number  of  suitable  temperature  control  devices  shall  beiprovidediand  properly 
arranged  on  the  autoclave  to  assure  the  required  temperature  control  inThe  working  zone.  The  devices  shall 
be  of  the  potentiometric  type  and  shall  use  thermocouple  sensors. 
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3.5  Pressure  Measurenieni  Devices 


3.5.1  Pressure  measurement  devices  shali  be  accurate  to  witliin  plus  or  minus  two  percent  at  tlie  maximum 
operating  pressure.  The  device  shall  be  capable  of  continuously  monitoring  and  recording  tlie  pressure 
throughout  the  process. 

4.  PROCEDURE 

4.1  General 

4.1.1  All  processing  equipment  and  significant  processing  parameters,  as  agreed  upon  by  the  vendor  and 
the  Purchaser,  shall  be  approved  by  tlie  Purchaser.  Once  a teclinique  for  producing  a specific  part  or  preform 
has  been  establislied  and  approved,  no  ciianges  shall  be  made  prior  to  obtaining  approval  of  the  Purchaser. 

4.1.2  All  hot  isostatic  pressing  facilities  shall  be  qualified  in  accordance  with  section  5 of  this  specification. 

4\2  Container  Fabrication  and  Cleaning 

4.2vl  Fabrication.  All  materials  and  processes  used  in  tlie  fabrication  of  containers  shall  be  approved  by 
the  Purchaser. 

4.2.2  Cleaning.  All  containers  shall  be  cleaned  to  remove  all  loose  particles  and  all  surface  contaminants 
which  may  be  detrimental  to  the  Rene'  95  alloy  being  treated.  Cleaning  and  subsequent  storage,  md  handling 
shall  be  done  in  such  a manner  as  to  ensure  that  the  surfaces  remain  clean  prior  to  container  filling.  Cleaning 
and  inspection  procedures  shall  be  approved  by  the  Purchaser. 

4.3  Container  Filling 

4.3.1  Leak  Chec'..  Empty  containers  shall  be  evacuated  to  an  ultimate  vacuum  of  less  than  25  X 1 0'^  Torr 
(25  microns)  (3.33  Pa)  and  the  closed  system  leak  up  rate  sliall  not  exceed  20  X 10’^  Torr  (20  microns) 

(2,67  Pa)  per  minute.  Alternate  leak  check  methods  may  be  used  with  prior  approval  of  the  Purchaser. 

4.3.2  Weighing.  Metal  containers  shall  be  weighed  before  and  after  filling  to  ensure  that  they  are  adequately 
filled  based  on  pre-determined  individual  container  volume  measurements.  Powder  fill  determinations  shall  be 
made  on  ceramic  type  containers  by  a method  approved  by  the  Purchaser. 

4.3.3  Filling  and  Sealing.  Powder  shall  be  loaded  into  the  container  through  an  ASTM  No.  40  sieve  in 
such  a manner  as  to  minimize  particle  size  segregation  in  the  filled  container.  The  quantity  of  material 
retained  on  the  sieve  shall  be  recorded  and  available  for  Purchaser  review,  and  the  material  not  used  pending 
that  review.  The  loaded  container  shall  be  oiitgassed  and  sealed  by  a method  approved  by  the  Purchaser. 
Containers  shall  be  outgassed  to  a maximum  level  of  25  X lO"^  Torr  (25  microns)  (3.33  Pa)  and  the  leak  up 
rate  shall  not  exceed  20  X 10'^  Torr  (20  microns)  (2.67  Pa)  per  minute.  Hot  oiitgassing  of  the  filled  container 
is  not  permitted  without  written  approval  of  the  Purchaser.  The  time  between  sealing  the  container  and 
loading  into  the  autoclave  shall  be  recorded. 

4.4  Loading  of  Preheat  Furnace  and  Autoclave 

4.4il  All  material  to  be  treated  shall  be  located  within  the  working  zone.  Positioning  in  the  autoclave 
shall  also  facilitate  pressurization  of  the  chamber  and  cooling  of  the  material. 


4.5  Instrumentation  of  tire  Preheat  Furnace  and  Autoclave 

4.5.1  A inininunn  of  three  thermocouples  shall  accompany  the  matcrial  during  treatment.  One  each  shall 
be  located  in  the  hottest  and  coldest  temperature  regions  of  the  working  zone  which  is  in  use  as  determined 
by  the  temperature  uniformity  qualification  test.  The  third  thermocouple  shall  be  located  as  close  as  possible 
to  the  center  of  the  load.  The  thermocouples  shall  be  in  close  proximity  to  the  containers.  An  alternate 
instrumentation  plan  maybe  used  with  prior  approval  of  the  Purchaser. 

4.6  Time,  Temperature  and  Pressure 

4.6.1  The  heat-up,  pressurization,  and  cooling  cycles  shall  be  approved  by  the  Purchaser. 

4.7  Pressure  and  Thermal  Environment 

4.7.1  Equipment.  All  pressure  and  temperature  indicating  equipment  shall  be  adjusted  in  accordance 
with  the  instrument  manufacturer’s  instructions. 

4.7.2  HIP  Cycle.  CLASS  A:  The  cycle  shall  be  2050°  ±25°F  (1 1^1°  ± L4?G)  for  2 hours  minimum 
under  a pressure  of  14,000  psi  (97  MPa)  minimum. 

CLASS  B;  Tlie  cycle  shall  be  conducted  at  a designated-temperature  in  the  range  of 
2050°  through  2225°F  (1 121°  to  1218°C).  The  selectcd-tcmpcraturc^andspressure  cycles  are  subject  to 
Purchaser  approval.  The  temperature  shall  be  controlled  within  ±25°F;(±14°G); 

4.7 .2.1  The  temperatures  and  pressures  shall  be  continuously  measurediand'recorded  with  respect  to  time 
during  the  entire  HIP  cycle.  The  use  of  multi-point  recorders  with  aiperiodiciprint  out  of  five  minutes 
maximum  per  thermocouple  and  pressure  gauge  is  permitted. 

4.8  Density 

4.8.1  CLASS  A;  HIP  parts  shall  have  a density  greater  than  99.9  percenUofithadensity  of  the  HIP  test 
sample  fabricated  from  the  same  powder  lot,  powder  heat,  or  masteppowdepblend  as  specified  in  P1TF47 
CLASS  A. 

CLASS  B;  As-compacted  preforms  shall  have;a  dcnsity  greater'tham99.7  percent  of  the  density  of 
the  test  sample  fabricated  from  the  same  powder  lot,  powder  heat,  opmastenpo\  'der  blcnd  as  specified  in 
P1TF47,CLASSA. 

4.9  Grain  Size 

4.9.1  CLASS  A:  HIP  parts  shall  have  a uniform  average  grain  size  of  ASTM;No.  8 or  finer  with  no 
outlining  of  prior  particle  boundaries.  A typical  acceptable  HIP  inicrostructure  is  .shown  in  Figure  120. 
Unacceptable  HIP  microstructures  arc  sliown  in  Figure  121.  Glossy  prints  are  available  from  the  Purchased  upon 
request. 


CLASS  B:  As-compacted  preforms  shall  have  a uniform  average  grain  size  of  ASTM  No.  3 or  finer. 

4.10  Dccanning 

4.10.1  HIP  containers  and  associated  diffusion  zones  shall  be  completelyiremoved  by  a method  approved 
by  tire  Purchaser. 
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4.11  Re-HlP 


4.1 1.1  Rc-lllP  procedures,  when  permitted,  shall  be  as  defined  in  a Quality  Control  Plan  .ipproved  by  the 
Purchaser. 

4.12  Inspections  and  Tests 

4.12.1  All  inspections  or  tests  required  by  the  drawing  or  applicable  specifications  shall  be  performed. 

The  results  of  these  inspections  or  tests  shall  meet  the  requirements  of  the  drawing  or  applicable  specifications. 

4.12.2  Sample  parts  or  representative  material  shall  be  evaluated  with  respect  to  microstructure  and 
density  to  the  requirements  of  the  drawing  or  applicable  specification. 

4.13  Records 

4.13.1  All  records  and  test  resultsTor  each  hot  isostatic  pressing  treatment  shall  be  maintained  for 
Purchaser  surveillance.  These  records  shall  include  at  le.ist  the  following  information: 

a)  Purchaser  identification  of  parts  or  materia!  treated 

b)  Part  or  material  alloy  designation 

c)  Autoclave  identification 

d)  Container  fabrication  and  cleaning.procedures 

e)  Loading  procedures  including;fixture  materials  and  part  placement 

0 Instrumentation  procedures  ihcludin':  thermocouple  type  and  placement 

g)  Pressure  records 

h)  Temperature  records 

i)  Time  between  sealing  container.and  loading  into  autoclave 

j)  Powder  container  material  and  container  removal  procedures 
Pressure  media 

l)  Metallographioevaluation  results 

m)  Visual  inspection  results 

n)  Vacuum  induction  melt  number,  powder  lot  number,  powder  heat  number,  and  master  powder 
blend  number 

o)  Quantity  of  material  retained  on  ASTM  No.  40  sieve  (see  4.3.3) 

4.13.2  Records  shall  be  inaintaineditOiprovide  traceabiiity  for  each  serialized  part.  Each  part  shall  be 
traceable  to  a particular  hot  isostaticjpressure  treatment,  date,  time,  autoclave,  and  location  within  the 
autoclave. 

5.  QUALITY  ASSURANCE  PROVISIONS 

5.1  General 

5.1.1  All  qualifications  shall  be  the;rcsponsibility  of  the  prime  hardware  vendor.  Prime  vendors  may 
request  approvals  through  the  Purchaser.  The  vendor  shall  be  responsible  for  all  testing  and  shall  sign  all 
necessary  forms  which  certify  that  qualification  in  accordance  with  this  specification  has  been  attained. 

5.1 .2  Procedures  for  equipment  qualifications,  if  other  than  those  required  by  this  specification,  are 
subject  to  approval  by  the  Purchaser. 
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5.1 .3  The  Purcliaser  reserves  the  riglit  to  observe  any  of  the  qualiricatioii  tests  required  by  this  specification 
to  determine  conformance;to  llris  specification. 

5.2  Preheat  Furnace  and  Autoclave  Qualification 

5.2.1  Teinperalure  Uniformity.  All  preheat  furnaces  and  autoclaves  shall  be  qualified  for  working  zone 
temperature  uniformity  prior;to  use  for  production  hot  isostatic  pressing.  All  preheat  furnaces  and  autoclaves 
shall  be  requalified  after  any  alterations  to  the  equipment  which  may  affect  temperature  uniformity. 
Requalification  may  be  on  a working  load. 

5.2.1 .1  When  approaching  thermal  equilibrium,  per  5.2.2,  none  of  the  load  temperature  readings  shall 
e.\ceed  the  selected  control  temperature  by  more  than  25°F  (14°C).  After  thermal  equilibrium  is  reached,  the 
ma.ximum  temperature  variation  of  any  load  test  thermocouple  shall  noLdeviate  from  the  selected  control 
temperature  by  more  than  ±25°F  (±14°C). 

5.2.2  Qualification  Procedure.  Temperature  uniformity  tests  shall  be  conducted.-with  the  preheat  furnace 
or  autoclave  containing  asrepresentative  production  load  of  parts  or  material  andtaHypicafproduction  pressure. 
The  test  shall  be  made  usingicalibrated  test  thermocouples  and  a potentiometer  type-measuring  instrument 
with  a minimum  sensitivity-of:0.02  millivolt.  The  leadoutsof  the  test  thermocouples  shall  be  properly 
corrected  as  dctermined;by4he  thermocouple  calibrations.  A minimum  of  threeitesUthcrmocouples  or  one 
per  each  5 cubic  feet. ( 1 ,4-m^:);of:working  zone,  whichever  is  greater,  shall  be  usedTor-determining  the 
temperature  uniformity.  When more  than  three  thermocouples  are  required,  the:additional  thermocouple 
locations  shall  be  symmetrically  distributed  within  the  working  zone.  The  initiahqualificationrshall  be 
performed  over  a temperalurc=range  considered  for  the  product  as  agreed  upon  by  Purchaser  and  vendor  for 
the  preheat  furnace  or  autoclave.  Requalifications  shall  be  performed  at  a conveniehtitemperature  within  the 
operating  range.  The  temperature  ofiall  test  and  control  thermocouples  shall  be  recorded  at  5 minute  intervals 
starting  immediately  afterscliarging  the  test  load  to  the  preheat  furnace  or  autoclave.  Temperature  measure- 
ments shall  be  continuedToi  at  least  1/2  hour  after  the  control  thermocouple  indicates  that  thermal  equilibrium 
has  been  reached  so  thatThe  recurrent  temperature  pattern  of  the  preheat  furnace  or  autoclave  can  be 
determined.  In  addition,:IllP  quality  control  samples  of  powder  from  a single  powder  lot,  powder  heat,  or 
master  powder  blend,  conforming  to  a configuration  agreed  upon  by  vendor  and  Purchaser,  shall  be  positioned 
at  the  center  and  extremities  of  the  working  zone  during  the  qualification  run.  Tho  samples  shall  contain 
powder  conforming  to  R1TF47,  CLASS  A,  and  shall  be  fabricated  per  the  procedures  outlined  in  4.2  and  4.3. 
Metallographic  and  density  examinations  shall  be  conducted  on  these  compacts  to  ensure  uniformity  of 
operating  conditions. 

5.3  Temperature  Measurement  and  Control  Qualification 

5.3.1  Instruments.  Alliinstruments  used  for  temperature  measurement  shall  have:an  indicated  temperature 
accuracy  of  ±0.25  percentof'the  maximum  operating  temperature  over  the  entire  operating  temperature  range. 
All  instruments  used  foplemperature  control  shall  have  an  indicated  temperature  accuracy  of.±0.5  percent  of 
the  maximum  operating  temperature  over  the  entire  operating  temperature  range.  The  indicated  temperature 
accuracy  of  each  instrumentshall  be  determined  in  accordance  with  the  equipment  manufacturer’s  recommen- 
dations and  using  a knownemf  input  of  suitable  accuracy.  After  the  initial  qualification,  all  instruments  shall 
be  requalified  at  least  every  30  days,  unless  otherwise  agreed  upon  by  the  vendoranduhe  Purchaser. 

5.3.2  Thermocouples.  Prior  to  each  use,  ail  thermocouples  shall  be  capable  ofmeeting  the  temperature- 
electromotive  force  requirements  of  ASTM  E230  for  special  grade  wire  ardetermined  by  suitable  test  methods 
and  requalification  intervals. 
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5.4  Pressure  Indicating  Instrument  Qualification 

5.4.1  All  pressure  indicating  instruments  shall  be  checked  in  accordance  with  the  equipment  manufacturer’s 
recommendations.  The  equipment’s  performance  shalTbe  within  the  limits  supplied  by  the  equipment 
manufacturer.  After  the  initial  qualification,  each  instrument  shall  be  requalified  at  least  every  6 months. 

5.5  Process  Qualification 

5.5.1  Prior  to  production  processing,  detailed  process  procedures  and  results  of  test  samples  shall  be 
submittedUo  the  Purchaser  for  approval. 

5.5.2  Process  procedures  shall  include  the  same  information  required  by  4.13.1 . 

5.6  Records 

5.6.1:  AK  records  and  test  results  shall  be  maintainedifor  Purchaser  surveillance.  A special  process  certifi- 
cation form(s)  shall  be  posted  near  the  autoclave.and  othermecessary  components  after  qualification.indicate 
compii'ance-with  this  specification.  The  form(s)  shall  contain  the  following  minimum  information: 

a)  Type  of  equipment 

b)  Equipment  manufacturer  where  applicable 

c)  Equipment  model  and  serial  number  where  applicable 

d) .  Equipment  location 

e)  Statement  indicating  compliance  with  this  specification 

0 Signature  of  vendor’s  qualifying  agent 


APPENDIX  II 

PROCESS  CONTROL  PLAN 


VENDOR  A 


I.  POWDER  PRODUCTION 


VENDOR B 


A.  Input  Material 

PITF47 

PITF47 

a.  Purity 

C50TF64,  PITF47 

C50TF64,  P1TF47 

B.  Crucibles  Refractories 

Vendor  Internal  Spec. 

Vendor  Internal  Spec. 

a.  Type 

b.  Material 

c.  Replacement  Rate 

C.  Melting  Parameters 

P1TF26 

P1TF26 

D.  Atomization  Parameters 

Vendor  Internal  Spec. 

Vendor-iinternal  Spec. 

a.  Nozzle  Design 

b.  Pour  Temperature 

c.  Gas  Pressure 

E.  Powder  Characteristics 

Vendor  Internal  Spec. 

Vendoriintcrnal  Spec. 

a.  Reproducibility  of?Mesh'Size 

Vendor  Internal  Spec. 

Vendorilhternal  Spec. 

b.  Flow  Rates 

Vendor  Internal  Spec. 

Vendordnternal  Spec. 

c.  Tap  Density 

Vendor  Internal  Spec. 

Vendor  internal  Spec. 

d.  Particle  Size  Distribution 

C50TF64 

C50TF64 

F.  Chemical  Analysis 

a.  Procedures  for  Major;Elements 

C50TF64.PITF47 

C50TF64 

b.  Oxygen,  Nitrogen 

C50TF64.PITF47 

C50TF64 

c.  Trace  Elements 

P29TF19 

P29TF19 

POWDER  HANDLING 

A.  Source  of  Contamination'Puring: 

Vendor  Internal  Spec. 

Vendor'Internal  Spec. 

a.  Removal  from  Atomization 
Unit 

b.  Transfer  to  ScreeningtRoom 

c.  Screening 

d.  Deorganization 

e.  Container  Filling 

f.  Blending 

g.  Sampling 
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VENDOR  A 


VENDOR  B 


B.  Screening  Procedure 

a.  Sizes  Used 

b.  Cleaning  Procedures  for 
Screens  and  Vibrators 

c.  Lot  Size 

d.  Time  and  Degree  of  Agitation 

e.  Screen  Inspection  and  Calibration 

C.  Deargonization  Procedure 

a.  Vacuum  Level 

b.  Time 

c.  Temperature 

d.  Handling  Procedures 

D.  ContaineriFilling  Procedure 

a.  Facilities 

b.  VacuumiLevel 

c.  ContaiheriCleaning  Procedures 

d.  VibrationiParameters 

e.  SealingiTechnique 

f.  Container'Volume 
Measurement 

g.  Reproducible  Filling 
Technique 

h.  Leak  Check  Procedure 

E.  Storage  Procedure  (Powder  and 
Filled  ^Container) 

a.  TransientiProcedures 

b.  ContaineriCleanliness 

c.  Shelf  Life,  Storage 
Environment 

in.  HOT  ISOSTATie  PRESSING 

A.  Parameters 

a.  Time-Temperature-Pressure 
Profile 

b.  PressurizingiGas 

c.  Post-IlIP  Cooling  Rate 

d.  Special  Container  - Secondary 
PressingMedia,  Pomp  Down 
Procedure 


Vendor  Internal  Spec. 


( 


Vendor  Internal  Spec. 


Vendor  Internal  Spec. 


Vendor  Internal  Spec. 


P7TF5 

Vendor  Internal  Spec. 

Vendor  Internal  Spec. 
Vendor  Internal  Spec. 
Vendor  Internal  Spec. 


Vendor  Internal  Spec. 


Vendor  Internal  Spec. 


Vendor  Internal  Spec. 


Vendor  Internal  Spec. 


Vendor  Internal  Spec. 


P7TF5 

Vendor  Internal  Spec. 

Vendor  Internal  Spec. 
Vendor  Internal  Spec. 
Vendor  Internal  Spec. 


Vendor  Internal  Spec. 
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APPENDIX  III 

PRODUCT  ACCEPTANCE  PLAN 


CHARACTERISTIC 

A.  Cliemical  Composition 

B.  Cleanliness 

C.  Microslructure 

1 . Uniformity  of  Grain  Size 

2.  Prior  Particle  Boundary 
Outline 

D.  Density  (Forged  Sample  of 
HlP’ed  Master  Powder 
Blend  = 1 00%  Theoretical 
Density) 

1.  As-HlP’ed 

a.  QC  Center  Slug-Disks 

b.  Parts 

2.  TIP  Response 

3.  Procedures 

E.  NDT 

1 • Ultrasonic 

a.  Surface  Condition 

b.  Requirements 


REQUIREMENT 

C50TF64,  Par.  3.1 .2 
C50TF64,  Par.  3.8.1 


C50TF64,  Par.  3.5.1 
C50TF64,  Par.  3.5.1 


C50TF64  Par.  3.6.1 
(min.  99.9%  of  Theoretical 
Density) 


C50TF64,  Par.  3.6.1 
(Density  must  not  decrease 
by  more  than  0.3%) 

Correlation  of  D.l  .(a)  and 
D.l.(b)willbe  made 


Per  Drawings  17A1 16-354 
and-355.  P3TFl  with  40% 
Rejection  Amplitude  per 
Drawings. 


METHOD 

Standard  ASTM  Methods 
ASTME45 

ASTM  El  12 
ASTMEl!l2 


BuoyancyiMethod  per 
ASTMBSm 
Modified; ASTM  B31 1 


Same  as  D?i-.(a) 


StatisticaLAnalysis 


Standard^Method-5 
P3TF1  Cjass-A 


StandardiMethods 
P3TF1  ClassA 
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CHARACTERISTIC 

REQUIREMENT 

METHOD 

2.  Fluorescent  Penetrant 

C50TF64,  Par.  4.11 

P3TF2  Class  D 

Inspection 

F.  Meclianical  Properties 

C50TF64 

C50TF64 

1 . Tensile 

Par.  3.3.1 

Par.  4.3.5 

2.  Stress-Rupture 

Par.  3.3.2 

Par.  4.3.6 

3.  Plastic  Creep 

Par.  3.3.3 

Par.  4.3.7 

4.  Low-Cycle  Fatigue 

Par.  3.3.4 

Par.  4.3.8 

5.  Cyclic  Rupture 

Par.  3.3.5 

Par.  4.3.9 

6.  Hardness 

Par.  3.4.1 

Par.  4.4 — ASTM  No.  1 0 

G.  DimensionalTnspection 

Must  Conform  to  Drawing 

StandardnMethods 

H.  Records  and  Documentation 

C50TF64,I^r.  3.9.1  and 
3.10.1  + HIP  Cycle  and  Disk 
Location  in  Autoclave  by  S/N 

Standardildentification 

4' 


APPENDIXIV 

MEASUREMENT  SENSITIVITY  FOR  DENSITY  DETERMINATION 

The  clcnsitjMiicasured  by  the  buoyancy  method  is  given  by: 

" Vf 


CD 


wliere 


Pj  = Density  of  solid 

pf  = Density  of  immersion  fluid 

= Weight  of  specimen  in  air 
Wy  - Weigh;  of  specimen  in  water 
Differentiating: 


9Ps  dp^ 


dp,  Opf  + dW^  + — dWf 

* 9p/ 


dW 


9W, 


/ 


(2) 


From  1 andil: 


Wa  P/Wa 

^p/  + 


* W^-Wy 


(W^-Wy)2 


p/W, 

AW/  + AW^ 

(W^-Wp2 


(3) 


Combining  l'and:3: 


Ps  Z’/ 


AW, 


W, 


/ ''s 

- + 


P.-P/  AW^ 


/ 


W, 


(4) 


Equation  (4)  describes  the  change  in  the  density  of  specimen  due  to  change  in  the  density  of  fluid  Apy, 
error  in  weigliing  in  fluid  AWy,  and  the  error  in  weighing  in  air  AW^. 


In  order  to  comply  with  the  specification  requirement  of  a 99.9;peicent  density: 

= 10'^ 
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However,  since  Apj  is  also  dependent  on  the  other  variables*  besides  tl»e  errors  in  weigliing  in  air  and  water, 
the  actual  allowable  change  should  not  be  more  than  10  percent  of  10’^,  i.e.,  10'^_ 

Using  water  measured  to  an  accuracy  of  L°C: 


^ = 3xl0‘^ 

Pf 


and  since 

Ps  - PfIPf  for  Rene'  95  and  water  is  7.3. 
Equation  (4)  is: 


Assuming: 


AW,  AW^ 

10'''  = 3iXil0‘*  + 7.3  X 7.3  — — 

Wf  % 


AWj 


AW/ 


= 10- 


W/ 


10'* 


Hius,  aibalance  sensitive  enough  to  detectcSimg  variation  in  a 50  kg  load  is  required. 


*Some  of  the  other  factors  affecting  the  density;determination  are: 

• Bubble  attachment  to  specimen 

• Capillary  force  in  wire 

• Viscosity  of  liquid 

• Spedmen  temperature 

• Buoyancy  of  wire 
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